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ABSTRACT
In laboratory bioassays, total mortality (neonate to pupation) among Bt-cotton 
varieties ranged from 13 to 89%; however, only cvs. CK 312/531, NuCOTN 33B, and 
PM 1220 RR/BG caused greater mortality than the soybean and meridic diet controls. 
Several Bt-cotton hosts increased larval developmental time, but none o f  the 
commercial Bt-cotton varieties (excluding CK 312/531) significantly affected adult 
longevity, generation time, doubling time, or intrinsic rate of increase (rm).
Soybean looper larval and predator densities were monitored in soybean fields 
to determine the impact of Bt-cotton production on soybean looper seasonal 
abundance. Throughout the study, peak soybean looper larval densities were greater 
in soybean adjacent to cotton compared to isolated soybean fields. However, densities 
in soybean fields adjacent to non-Bt-cotton never exceeded those sampled in soybean 
adjacent to Bt-cotton. Results from this study support the rm results from the 
laboratory experiment and indicate that local mortality caused by Bt-cotton is not 
having a significant impact on soybean looper densities in soybean within cotton- 
soybean agroecosystems.
Susceptibility to foliar Bt-insecticides was monitored in 5 states and Puerto 
Rico from 1998 to 1999 using discriminating concentration and concentration- 
mortality bioassays. Throughout the study, field-collected soybean looper populations 
were less susceptible to Condor XL® in cotton-soybean agroecosystems than in areas 
without cotton production. Additionally, susceptibility to Condor XL® significantly 
decreased each year. None of the soybean looper populations evaluated were 
susceptible enough to MVPII® to develop concentration-mortality regressions. Field-
viii
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collected populations and laboratory-susceptible populations did not differ 
significantly in susceptibility to Dipel ES® or Xentari DF®.
IX
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CHAPTER 1 
INTRODUCTION
The soybean looper, Pseudoplusia includens (Walker), is an important pest of 
soybean, Glycine max (Merrill), in the southeastern U. S (Leonard et al. 1990) and is 
the most abundant o f the plusiine caterpillars attacking soybean in North, South, and 
Central America (Herzog 1980, Tumipseed and Kogan 1976). Adults reportedly 
migrate annually from Mexico, Central and South America, the Caribbean Islands 
(Newson et al. 1980), and Florida (Mitchell et al. 1975), and populations increase to 
economically damaging levels in Louisiana and other Gulf Coast states (Herzog 1980, 
Tumipseed and Kogan 1976). It is a polyphagous pest that attacks 28 families o f wild 
and cultivated hosts (Herzog 1980) including cotton, Gossypium hirsutum (L.) 
(Folsom 1936) and sweet potatoes, Ipomoea batatas (L.) (Bums 1955), and prefers 
cotton over soybean as its ovipositional host during times when cotton has a more 
developed canopy (Felland et al. 1992). Individual soybean looper larvae can 
consume in excess o f 200 cm^ of soybean foliage (Kogan and Cope 1974) and, from 
1976 to 1984, soybean looper infestations annually accounted for over $20.3 million 
damage and > 10% losses of harvestable yield in the southeastern United States 
(Bergman et al. 1985a,b). More recently, annual percentage of acres treated for 
soybean looper in Louisiana averaged 20% from 1996 to 1998 but increased to over 
40% during the 1999 season (Jack Baldwin, personal communication).
The soybean looper has developed resistance to most of the traditional classes 
of insecticides including the cyclodienes, organophosphates, carbamates, and
l
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pyrethroids (Boethel et al. 1992). Resistance to DDT and the cyclodienes, some o f the 
earliest insecticides used in Louisiana agricultural pest control, was reported by 
Georghiou and Mellon (1983). Resistance to methyl parathion (Palazzo 1978), 
monocrotophos (Chiu and Bass 1978b), methomyl (Newsom et al.1980), acephate 
(Chiu and Bass 1978a), and most recently, permethrin (Anonymous 1988, Herzog 
1988, Felland et al. 1990, Leonard et al. 1990, Wier et al. 1994) has been confirmed. 
Additionally, resistance to thiodicarb has been reported in South Carolina (Sullivan 
and Chapin 1990), Alabama (Sullivan 1992), and Puerto Rico (Thomas et al. 1994).
In the mid-1980s, soybean producers relied on a limited number of insecticides 
for soybean looper control including methomyl and thiodicarb, but permethrin was the 
insecticide of choice because o f  its broad spectrum activity, efficacy, and relatively 
low cost (Mink et al. 1993). However, widespread use o f  this and other pyrethroids 
throughout cotton-soybean agroecosystems in the Gulf Coast states contributed to the 
decline o f permethrin efficacy later in that decade (Felland et al. 1990, Leonard et al. 
1990, Mink and Boethel 1992). In 1987, reports o f inadequate soybean looper control 
occurred in fields from Georgia to Mississippi (Anonymous 1988, Herzog 1988,), 
prompting the initiation o f a southern region soybean looper pheromone trapping 
project (Hamer and Pitre 1990). Results from this project were used to monitor 
seasonal activity and resistance frequencies of adults in the region (Mink et al. 1993). 
The results of field insecticide screening trials and dosage-mortality studies in 
Louisiana (Leonard et al. 1990) and Mississippi (Felland et al. 1990) indicated that 
soybean loopers were more tolerant to permethrin than in the past. Additionally, 
permethrin resistance levels were higher in populations in areas where soybean and
2
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cotton were grown in close proximity. This, combined with the fact that soybean 
looper adults are known to feed on floral and extra-floral nectaries o f cotton (Burleigh 
1972, Jensen et al. 1974), has caused researchers in the southeastern United States to 
examine more closely the soybean-cotton agroecosystems when considering resistance 
management strategies.
Transgenic cotton plants expressing the Bacillus thuringiensis var. kurstaki 
(Berliner)<5-endotoxin (Bt-cotton) (Perlak et al. 1990) were planted commercially 
throughout the cotton producing regions o f  the U. S. during the 1996 growing season 
(Kaiser 1996). Bacillus thuringiensis is a gram-positive soil bacterium that is 
characterized by its ability to produce proteinaceous parasporal crystalline inclusions 
during sporulation (Hofte and Whitely 1989). After ingestion by some insects, these 
inclusions are solubulized in the midgut, releasing proteins called ^-endotoxins. These 
proteins, or protoxins, are activated by midgut proteases which interact with the larval 
midgut epithelium causing a disruption of the membrane, ultimately causing death 
(Gill et al. 1992).
The development and availability o f  Bt-cotton has piqued the interest o f almost 
every aspect o f the agricultural community from private industry and state extension 
and research entomologists to producers and consumers of transgenic crops. However, 
consideration o f the impact o f this new insecticide delivery system on all areas of row- 
crop production needs to be addressed. In 1992, 6.9% of the total U. S. cotton crop 
was lost to insect damage in spite o f producers spending an average o f $46.81 per acre, 
and, in some mid-south states, in excess o f $100 per acre (Head 1993). In most cases, 
increased frequencies o f insecticide resistance in tobacco budworm, Heliothis
3
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virescens (F.), caused these dramatic increases in insecticide control costs (Luttrell and 
Herzog 1994). This new delivery system, which combines the efficacy o f traditional 
insecticide applications and the environmental sensitivity o f host plant resistance 
(Benedict et al. 1992b), was anxiously awaited and needed by cotton producers facing 
problems with resistant tobacco budworm.
The impact of the CryLA(c) <£-endotoxin and Bt-cotton on lepidopteran pests 
has been variable among species found in cotton. Tobacco budworm and bollworm 
are susceptible to Bt-cotton (e. g. Benedict et al. 1992a,b, 1993a,b, Jenkins et al. 1992, 
1993, Halcomb et al. 1994, Mascarenhas et al. 1994) although bollworm is less 
susceptible than tobacco budworm to some Bt-cotton varieties (Leonard et al. 1998). 
The beet armyworm, Spodoptera exigua (Hiibner), is much less susceptible to Bt- 
cotton than tobacco budworm or bollworm, and the level o f control is not enough for 
crop protection (Luttrell and Herzog 1994). While the effects of Bt-cotton have been 
quantified on several insect pests, little information exists on the efficacy o f Bt-cotton 
on soybean looper. Nevertheless, results from laboratory studies using a standard 
preparation o f Bacillus thuringiensis var. kurstaki HD-1-SI 971 indicate that soybean 
looper is less susceptible than bollworm, cabbage looper (Trichoplusia ni (Hiibner)), 
and beet armyworm, but more susceptible than velvetbean caterpillar (Anticarsia 
gemmitalis Hiibner) or green cloverworm (Plathypena scabra [F.]) (Ignoffo et al.
1977). In consideration o f  this variation in lepidopteran susceptibility to Bt-cotton and 
the CrylA(c) 5-endotoxin, the impact o f Bt-cotton on soybean looper both in the 
laboratory and in Bt-cotton-soybean agroecosystems is difficult to predict and should 
be evaluated.
4
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Probably the most widely studied and debated topics associated with the 
adoption o f Bt-cotton is the possibility o f the development of resistance to the 
CrylA(c) ^-endotoxin and subsequently, foliar Bt products. Insecticide resistance has 
been documented in over 500 arthropod species and to all known classes o f 
insecticides (Georghiou and Lagunes 1988). Resistance to the CrylA(c) (5-endotoxin 
was first established in Indian meal moth, Plodia interpunctella (Hiibner), 
(McGaughey 1985, McGaughey and Beeman 1988) and almond moth, Caudra 
cautella (Walker), (McGaughey and Beeman 1988). Resistance to several Bt proteins 
has been investigated in other lepidopteran pests including diamondback moth,
Plutella xylostella (Linnaeus) (Shelton et al. 1993, Perez and Shelton 1997, Tabashnik 
1994, Tabashnik et al. 1990, 1992, 1995), tobacco budworm (Heckel et al. 1997, Stone 
et al. 1989), beet armyworm (Moar et al. 1995), and pink bollworm, Pectinophora 
gossypiella (Saunders) (Bartlett et al. 1996). Resistance to Bt proteins has also been 
reported at low levels in Diptera including the house fly, Musca domesiica L.
(Carlberg and Lindstrom 1987, Harvey and Howell 1965) and Coleoptera including 
Colorado potato beetle, Leptinotarsa decemlineata (Say) (Whalon et al. 1993). While 
the only documented case of field-evolved resistance is with diamondback moth 
(Tabashnik et al. 1990), these studies demonstrate the capacity for insects to become 
resistant to Bt toxins and the importance o f resistance management.
A Bacillus thuringiensis CryIA(c)<5-endotoxin resistance management strategy 
involving high insecticide doses and conventional cotton refugia (Gould 1988) was 
first proposed for tobacco budworm in Bt-cotton agroecosystems. However, the 
assumptions and components o f the plan may not be suitable for non-target pests such
5
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as soybean looper. In this plan, the Bt toxin dosage expressed in Bt-cotton is 
extremely high and was developed for tobacco budworm in an effort to remove almost 
all resistant insects. Assuming this theory is accurate, transgenic plants have the 
potential to offer a season-long high dose that will virtually eliminate resistant tobacco 
budworms that otherwise would have survived lower doses. The other major 
component o f this plan involves the planting o f untreated refugia cotton in order to 
preserve susceptible alleles in tobacco budworm populations (EPA 1997). In the field, 
susceptible offspring that develop in refugia cotton will mate with offspring surviving 
on Bt-cotton to produce heterozygous susceptible insects. The autosomal recessive 
inheritance o f resistance to Bt in diamondback moth (Hama et al. 1992, Tabashnik et 
al. 1992) and tobacco budworm (Gould et al. 1995) is similar to that of the pyrethroids 
in tobacco budworm (Watson and Kelly 1991) in that only the homozygous recessive 
individuals are resistant. So, it appears that the preservation o f susceptibility to the Bt 
^endotoxin would be a viable resistance management strategy for tobacco budworm. 
However, these resistance management assumptions may be different for soybean 
looper. Inheritance o f resistance to pyrethroids is co-dominant with data indicating 
that heterozygote individuals often survive field rates o f  insecticides (Thomas and 
Boethel 1995). This suggests the dominant inheritance o f  pyrethroid resistance in 
soybean looper (Thomas and Boethel 1995). If inheritance o f Bt resistance is similar 
to that o f the pyrethroids, then the tobacco budworm high-dose/refugia model may not 
work for soybean looper populations in Bt-cotton-soybean agroecosystems. 
Additionally, the “high-dose” or “optimum-dose” component of this strategy also may 
be inapplicable for soybean looper populations if  soybean looper larvae are not as
6
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susceptible to Bt-cotton as tobacco budworm. Although little data exist on mortality 
effects o f Bt-cotton on soybean looper, popular literature from Monsanto describing 
Bollgard® technology suggest that Bt-cotton foliage offers only 50% control of 
soybean looper (Anonymous 1995). Selection o f soybean looper populations at 50% 
proportions undoubtedly will leave heterozygous individuals, thus preserving greater 
numbers o f resistant alleles. This “high-dose” strategy, aimed at reducing tobacco 
budworm resistance alleles, may, in fact, accelerate the rate o f resistance development 
of soybean loopers in Bt-cotton-soybean agroecosystems.
As Bt-cotton becomes more popular, selection intensity for resistance in some 
pests will increase, and the level and frequency o f selection will vary among pest 
species depending on the host range o f the pest, the cropping systems involved, and 
the usage patterns o f Bt products within those systems (Kennedy and Whalon 1995). 
Because soybean looper does not overwinter in the region (Herzog 1980) and selection 
pressure from conventional insecticides on soybean looper larvae in soybean has not 
been extensive (Newsom et al. 1980), research should focus on sources o f Bt selection 
pressure in Bt-cotton-soybean agroecosystems as a whole rather than from within 
soybean production areas alone. Furthermore, results from previous studies on 
population dynamics (Burleigh 1972, Beach and Todd 1986) and permethrin 
resistance (Felland et al. 1990, Leonard et al. 1990) suggest cotton has a strong 
influence on soybean looper populations in these cotton-soybean production systems. 
Therefore, the widespread planting of Bt-cotton in Louisiana combined with the 
continued use o f  foliar Bt products in soybean and cotton, calls for research 
investigating the impact of Bt-cotton on soybean looper larval development and
7
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mortality, population dynamics, and resistance as part o f  a proactive Bt resistance 
management program.
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CHAPTER 2 
EFFICACY AND HOST SUITABILITY OF TRANSGENIC BACILLUS 
THURINGIENSIS COTTON ON SOYBEAN LOOPER, PSEUDOPLUSIA 
INCLUDENS (WALKER) 
Introduction
Widespread planting o f  cotton, Gossypium hirsutum (L .), genetically modified 
to express Bacillus thuringiensis (Berliner) CryIA(c) (Bt-cotton) (Perlak et. al. 1990) 
has increased in acreage and popularity since its introduction in 1996. During Bt- 
cotton’s inaugural season, 13% o f the U. S. cotton crop (Kaiser 1996) was planted to 
NuCOTN 33B and NuCOTN 35B (Delta and Pineland Co., Scott, MS) which contain 
the Bollgard® gene (Monsanto Corporation, St. Louis, MO). However after its fourth 
year o f commercial availability, Bt-cotton expanded nationwide to account for 29% of 
the 14.6 million acre U. S. cotton crop in 1999 (Williams, in press) with at least 19 Bt 
varieties available. Louisiana Bt-cotton production increased similarly from 13 to 
60% of the state cotton crop from 1996 to 1998 to a record high o f 64% in 1999 
(Williams, in press). While Bt-cotton was developed for control of tobacco budworm, 
Heliothis virescens (F.) and bollworm, Helicoverpa zea (Boddie) in the Mid-South and 
Southeast and pink bollworm, Pectinophora gossypiella (Saunders) in the West, non­
target lepidopteran pests that frequent cotton like soybean loopers, Pseudoplusia 
includens (Walker), also are subjected to CrylA(c) exposure in these cotton production 
systems.
The soybean looper is a major arthropod pest o f soybean, Glycine max 
(Merrill), in the Gulf Coast region of the United States (Herzog 1980) where 
infestations annually account for > 10% losses o f harvestable yield in the southeastern
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
United States (Bergman et. al. 1985 a, b). In Louisiana, annual percentage of acres 
treated for soybean looper infestations averaged 20% from 1996 to 1998 (Jack 
Baldwin, personal communication). It is a polyphagous pest that attacks 28 families 
of wild and cultivated plants (Herzog 1980) including cotton (Folsom 1936, Canerday 
and Arant 1966), but prefers soybean as its ovipositional host depending on the 
developmental stage of each crop (Felland et al. 1992). While soybean looper is 
considered only an occasional pest o f cotton, the crop has a significant impact on this 
pest’s population dynamics in cotton-soybean agroecosystems. Jensen et. al. (1974) 
found that cotton nectar provides soybean loopers with an excellent carbohydrate 
source, and consequently, the reproductive potential o f soybean looper adults increases 
dramatically in its presence. As a result o f  this increased nutrition, soybean looper 
infestations in Louisiana soybean were found to be higher in northern cotton-soybean 
production systems than soybean-rice or hardwood-soybean systems found primarily 
in the southern part of the state (Burleigh 1972). Another study conducted in Georgia 
reported similar results (Beach and Todd 1986). Furthermore, cotton has been 
implicated to be the probable site for development of soybean looper resistance to 
pyrethroids (McPherson and Herzog 1990, Felland et. al. 1990, Leonard et. al. 1990, 
Boethel et. al. 1992).
Soybean looper populations have developed resistance to almost every 
insecticide class (Boethel et. al. 1992), and most recently, cotton was the likely source 
of intense pyrethroid selection (Felland et. al. 1990, Leonard et. al. 1990) which 
resulted in the loss of a valuable management tool in Southeastern soybean 
production. Considering this latest resistance scenario, soybean researchers are
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concerned that the widespread planting o f Bt-cotton may lead to the development o f 
resistance to Bt foliar products, one o f the remaining management tools.
The efficacy o f  Bt-cotton is well established in field trials with tobacco 
budworm and bollworm (e. g. Benedict et. al. 1992a, b, 1993a, b, Jenkins et. al. 1993, 
Mascarenhas et. al. 1994) although the bollworm is less susceptible to the CrylA(c) 5- 
endotoxin (Luttrell and Herzog 1994). Additionally, the beet armyworm, Spodoptera 
exigua (Hubner), is much less susceptible to the CrylA(c) 5-endotoxin than tobacco 
budworm and bollworm (Luttrell and Herzog 1994). Sublethal effects on another non­
target cotton pest, fall armyworm, Spodoptera frugiperda (J. E. Smith), have been 
documented (Adamczyk et al. 1998). Soybean looper, a secondary pest o f cotton and 
primary pest o f soybean in the southeastern U. S., is reported to be less susceptible to 
the Bt 5-endotoxin than tobacco budworm, bollworm, and beet armyworm, but more 
susceptible than velvetbean caterpillar, Anticarsia gemmitalis Hubner, or green 
cloverworm, Plathypena scabra (F.) (Ignoffo et. al. 1977, Macintosh et. al. 1990). 
Research has established that soybean looper is susceptible to the Bt 5-endotoxin 
(Ignoffo et. al. 1977, Macintosh et. al. 1990), and foliar Bt products are currently 
recommended for soybean looper control (Baldwin et al. 2000). However, only 
limited information (Anonymous 1995) is available concerning the efficacy o f  Bt- 
cotton foliage against this non-target species which commonly inhabits cotton.
The objectives for these studies were to determine the effects o f several Bt- 
cotton varieties on the survival and development o f soybean looper. Additionally, 
because differential mortality among Bt-cotton varieties may not necessarily translate 
to similar differences in fitness of F, progeny surviving exposure to Bt-cotton, several
17
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comparative life-table parameters, including intrinsic rate of increase, rm, were 
measured. These laboratory studies were selected to establish baseline information 
that will help address concerns that the increased planting of Bt-cotton in cotton- 
soybean agroecosystems may have an impact on soybean looper management with the 
foliar Bt products and in turn, insecticide resistance management for the pest.
Materials and Methods 
Insects. In 1998, biossays were conducted using a laboratory-reared soybean 
looper colony replications 1 to 4) originally collected in August, 1997, from the 
transgenic Bt cotton variety NuCOTN 33B grown at the Macon Ridge location of the 
Northeast Research Station (Louisiana Agricultural Experiment Station, Louisiana 
State University Agricultural Center) near Winnsboro, LA. Colony maintenance 
followed the protocol described by Mascarenhas and Boethel (1997). The same 
colony (F , 0 generation) was used for the bioassays conducted in 1999.
Individuals (n = 50) from each o f F 4.5.7,9, 15 generations were tested for 
susceptibility to a foliar Bt-insecticide using a diet-overlay bioassay and a 
discriminating concentration of Condor XL® (15% [AI]/wt:wt, Lot # OCX8O6 1 117, 
Ecogen, Inc., Langhome, PA) (130 ppm; 72 hours after treatment) (Mascarenhas et al. 
1998). Survival ranged from 55 to 65% indicating that insects used in both the 1998 
and 1999 bioassays were similar in their susceptibility to Condor XL® as larvae of the 
F, generation of the 1997 field-collected populations (survival = 47 to 65%; 
Mascarenhas et al. 1998).
1998 Greenhouse Cotton and Soybean Foliage. Soybean and cotton 
varieties used in the 1998 study were grown in a greenhouse located at Baton Rouge,
18
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LA (Table 2.1). Seed from each variety were planted in December, 1997, and again in 
January, 1998, so that foliage from plants o f similar age and development could be 
used throughout the study. Cotton and soybean seed (approximately 5 seed per pot, 40 
pots) were planted into an autoclaved Commerce Silt Loam soil contained in 3.8 liter 
plastic pots. Native symbionts were killed during the soil-sterilization process, and 
soybean seed were inoculated with a commercial formulation of Bradyrhizobium 
japonicum (Kirschner) (NITRAGIN® Inoculants, Liphatech, Inc., Milwaukee, WI) 
before planting. Plants were grown without supplemental lighting throughout the 
winter and were irrigated daily with deionized water to prevent the buildup o f excess 
salt in the soil. Soybean and cotton were fertilized twice weekly beginning 3 weeks 
after planting using 20-20-20 (N-P-K) soluble fertilizer mixed with water (2 tbsp per 
gallon) (MiracleGro® All-Purpose Plant Food, Scotts Co., Marysville, OH).
Damaging populations of Aphis gossypii Glover and Tetranychus urticae Koch 
developed during mid-March but were reduced by introducing native Lysiphlebis 
tesctaceipes (Cresson) and using accretative releases o f Phytoseiulus persimilis 
Athias-Henriot (Kuida Ag Supply, Salinas, CA), respectively. No insecticides were 
applied to greenhouse foliage throughout the duration o f the study.
1998 Soybean Looper Survival, Development, and Fecundity. Fully 
expanded leaves (> 6 cm diameter) were removed from the upper two-thirds o f cotton 
plants that were in the “flowering and early-boll stages” and had developed 7 to 12 
nodes above the cotyledonary node. Soybean leaves were taken from the upper two- 
thirds of plants during V7 to R3 growth stages (Fehr et al. 1971). Neonate soybean 
looper larvae are often difficult to detect on large folded cotton leaves contained in
19
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Table 2.1. Descriptions of Bt transgenic and conventional cotton, soybean, and diet treatments 
evaluated for effects on soybean looper mortality and/or population growth parameters.
Treatments" Host Description* Years evaluated
CK 312/531 Parental Bt-cotton 1998,1999
Diet" Meridic diet 1998, 1999
DP 50 Conventional cotton 1998, 1999
DP 5415 Conventional cotton 1998, 1999
DP 20B Bt-cotton 1999
DP32B Bt-cotton 1999
DP 5OB Bt-cotton 1998, 1999
DP 90B Bt-cotton 1999
DP 41 OB Bt-cotton 1999
DP 428B Bt-cotton 1999
DP 448B Bt-cotton 1999
DP 458B/RR Bt / Roundup Ready cotton 1999
NuCOTN 33B Bt-cotton 1998,1999
NuCOTN 35B Bt-cotton 1999
PM 1215 BG Bt-cotton 1999
PM 1220 BG/RR Bt / Roundup Ready cotton 1998,1999
PM 1244 BG Bt-cotton 1999
PM 1330 BG Bt-cotton 1999
PM 1560 BG Bt-cotton 1999
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(table continued)
Pioneer 9761 and 97b61rf Soybean 1998, 1999
SG 125B/RR Bt / Roundup Ready cotton 1999
SG 501B/RR Bt / Roundup Ready cotton 1999
SG 585B Bt-cotton 1999
a DP = Delta and Pineland, SG = SureGrow, PM = Paymaster, CK = Coker. Seed producers 
include: Delta and Pineland Co. Scott, MS (DP, PM, and SG); Monsanto, Co., St. Louis, MO 
(CK), Pioneer Hi-Bred, Des Moisne, IA.
b Bt-cotton varieties were genetically modified to express the gene encoding for a toxin 
(CrylA(c)) produced by Bacillus thuringiensis var. kurstaki. Those ending with RR were 
modified to express a single added enzyme (CP4-EPSPS) which allows the plant to continue 
making the amino acids derived from the EPSPS pathway even in the presence o f glyphosate. 
c Modified wheat germ diet (Thomas and Boethel 1993).
d During the 1999 efficacy trial, soybean variety Pioneer 97b61 replaced 9761 because the former 
variety was no longer commercially available.
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petri dishes; therefore, foliage was cut to 3.8 cm diameter disks using an Osborne 
leather punch (B & J. Marine, Bensalem, PA). Individual neonates < 12 h old were 
placed (using a surface sterilized camel hair brush) on the adaxial surface o f a single 
leaf disc inside a 9.2 cm plastic petri dish. The dishes were lined with a 9.0 cm filter 
paper moistened daily with 750 p.1 of deionized water. To prevent soybean looper 
mortality caused by handling, leaf discs were not changed until 7 days after exposure 
(when larvae were late 2nd to early 3rd instars) and then every 48 h until survivors 
pupated (3 to 5 leaf discs / larva). Larvae were observed daily for mortality and 
considered dead if they did not respond when prodded with a dull instrument. Instar 
development was recorded daily, and stadia duration was determined either by 
observing larvae in the pre-molt condition (evidenced by a developing head capsule 
beneath the cuticle posterior to the capsule) or by the presence o f a shed head capsule 
from the previous observation. After individual larvae had pupated, weights were 
measured 1 day after pupation; then pupae were sexed, and observed for mortality 
daily until adult emergence.
Adult survivors were monitored to determine the effects o f larval host on 
longevity and fecundity, and subsequently natality. For each foliage and diet 
treatment, emerging soybean looper adults were placed in 3.8 liter paper ice cream 
cartons lined with paper towel ovipositional strips and topped with clear plastic 
Saran® wrap. Moths were provided 10% honey-water solution soaked in cotton wicks 
which were replaced every 48 h. Cohort longevity was determined by recording the 
number of newly emerged moths placed in containers, the number o f dead moths 
removed, and the number of moths alive each day to determine the total number of
22
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“adult-live days”. Mean adult longevity for each treatment was calculated by dividing 
“adult-live days” by the total number o f insects placed in the rearing chamber. In 
addition to estimating adult longevity, fecundity was estimated by removing 
ovipositional sheets every 48 h, and eggs were counted from one sheet (15x7  cm;
1/7* of the rearing container’s internal surface area) that was randomly selected from 
each treatment. The number o f eggs was summed through duration o f oviposition, 
multiplied by seven, and divided by the number of females for that treatment to 
estimate fecundity. Effect o f host foliage on natality was estimated by randomly 
selecting a subset of the harvested eggs (120 eggs per treatment per harvest day), 
placing the excised eggsheet with eggs in a 9.2 cm petri dish lined with moistened 
filter paper, and recording the number of larvae that hatched from eggs at 72 h after 
harvest. Larvae, adults, and eggs were held in a rearing room maintained at 27 ± 2°C, 
60 ± 5 % RH and a photoperiod o f  14:10 (L:D).
To compare the effects o f  the various Bt-cotton varieties on soybean looper 
population growth potential, rm was estimated for each treatment within replicates 
using life-fecundity tables and the following equation:
Zxe -“ /,!»!,= 1
where lx and mx are the age-specific survival and fecundity rates, respectively, at day x 
(Birch 1948). Based on previous observations of our colony as well as 1:1 sex ratio 
reported by Mitchell (1967), age-specific fecundity was calculated assuming a 1:1 
male:female ratio among harvested eggs. Also calculated were mean generation time 
(T) and doubling time (DT):
T = T. xljtt.
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using methods described by Carey (1993).
The experiment was conducted from 30 March to 19 June, 1999, and replicated 
four times (30 larvae per treatment per replication) using the previously mentioned 
foliage treatments plus an additional meridic diet (Thomas and Boethel 1993) control. 
Mortality was presented using life-tables following methods described by Birch (1948) 
except that instar-specific mortality, (syLsJ^lOO, was included to compare percentage 
of total mortality at different instars. Larval mortality (six days after exposure [DAE] 
and total mortality), instar duration, total number o f days to pupation, pupal weight, 
adult longevity, fecundity, natality, rm, T, and D T  for insects surviving to adult 
eclosion were compared among treatments using analysis of variance ( a  = 0.05) (SAS 
1998). Means for these variables were separated using Tukey’s Honestly Significant 
Difference (HSD) ( a  = 0.05).
1999 Soybean Looper Mortality. Mortality data were developed for 15 
additional transgenic Bt-cotton varieties released for commercial availability during 
1998 and 1999 (Table 2.1). Treatments from the previous experiment were included 
except that Pioneer 97b61 soybean replaced Pioneer 9761 soybean from the earlier 
study. Cotton and soybean seed were planted 17 May 1999, at the St. Gabriel 
Research Station near Baton Rouge, LA, into a Sharkey Clay soil using a precision 
garden seeder (Earthway Products, Bristol, IN)- Two-row plots (15.6 m long, 14.2 cm 
centers) o f each variety were planted at a seeding rate of 15 to 18 seed per m.
24
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Nitrogen (granular ammonium nitrate, 3 4 - 0 - 0 [ N - P  -  K]) was applied using a 
hand-held spreader at a rate o f 36.4 kg N per hectare on 2 July, 1999. A single 
application of fluazifop p-butyl (Fusilade DX® 24.5% ai [wt:wt], 0.175 kg per 
hectare, Zeneca Ag. Products, Wilmington, DE) was applied 21 June, 1999, for grass 
control. Other herbicides or insecticides were not applied throughout the season. 
Cotton (“beginning bloom” and had developed 11 to 14 nodes above the cotyledonary 
node) and soybean (R2 to R3 growth stages) foliage were harvested between 8:00 am 
and 12:00 pm and transported from the St. Gabriel Research Station in plastic bags 
that were placed in an ice chest to prevent the leaves from wilting. Leaves were cut to 
discs, placed in petri dishes, and neonates transferred to the leaf surfaces as described 
previously except that 2 larvae per disc were used for a total o f  10 larvae per treatment 
per replication. Ten replications were conducted from 10 to 30 July, 1999. Percent 
mortality for each treatment was calculated for each replication six days after exposure 
(DAE), and the mean percentage o f mortalities were compared among treatments 
using analysis of variance and separated using Tukey’s HSD (a  = 0.05) (SAS 1998).
Results and Discussion 
Larval Mortality. In the 1998 study, six DAE and total (neonate through 
adult emergence) soybean looper mortality for all treatments ranged from 3 to 58 and 
7 to 89%, respectively (Figure 2.1). At six DAE, only NuCOTN 33B (34%) and CK 
312/531 (58%) caused significantly greater mortality than the soybean (8%) and diet 
(6%) controls (df = 7, 21, P  < 0.0001, F = 23.13). Trends for mortality through adult 
emergence were similar wherein only NuCOTN 33B (61%) and CK312/531 (89%) 
caused significantly greater mortality than the soybean (13%) and diet (8%) controls
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(df = 7, 21, P  < 0.0001, F  = 42.29). Among the other Bt-cotton treatments, PM 1220 
RR/BG caused 29% mortality. Significant differences in mortality were not found 
between larvae fed DP 50B (13%) and its non-Bt-expressing parental variety, DP 50 
(7%). However, significant differences in mortality occurred between NuCOTN 33B 
(61%) and its parental variety, DP 5415 (15%).
Soybean looper mortality associated with the 15 Bt-cotton varieties evaluated 
in 1999 were comparable to results from the 1998 study where soybean looper 
mortality among treatments was generally less than 60% at 6 DAE (Figure 2.2). Mean 
percentage mortality at 6 DAE ranged from 9 to 62% among Bt-cotton varieties 
compared to 3 and 10% mortality observed with soybean and diet controls, 
respectively. Seven varieties caused significantly greater mortality than soybean (d f= 
22, 206, P < 0.0001, F  = 8.30). However, only CK312/531 (62%), NuCOTN 33B 
(47%), DP90B (44%), and NuCOTN35B (44%) provided significantly greater 
mortality than the non-Bt varieties DP5415 (15%) and DP50 (14%).
Compared to mortality results reported in the literature with Bt-cotton and 
tobacco budworm and bollworm, results from our bioassays indicate that soybean 
looper larvae are considerably less susceptible to currently available Bt-cotton 
varieties expressing the CryLA(c) ^-endotoxin. As mentioned previously, it is well 
established that Bt-cotton is efficacious against tobacco budworm. For example, 
studies conducted during the early 1990s using Bt-transgenic lines (primarily the 
parental Bt-cotton variety, CK 312/531, and other closely related Bt insertion events) 
revealed in field and glasshouse experiments that tobacco budworm mortality was 
generally greater than 90% (Benedict et al. 1992a, b, 1993a, Halcomb et. al. 1994).
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Figure 2.1. Mean percentage of mortality (6 days after exposure [DAE] and Total [neonate to pupation]) during 1998 survival and 
development bioassays. For each set of columns, means followed by the same letters are not significantly different (Tukey’s HSD, 















Figure 2.2. Mean percentage of mortality of soybean looper neonates to 19 transgenic Bacillus thuringiensis (CrylA(c)) and two
conventional cotton varieties, soybean Pioneer 9761, and diet six days after exposure. Means followed by the same letters are not
significantly different (Tukey’s HSD, a  = 0.05)
Leonard et. al. (1998) evaluated 14 Bt cotton varieties for tobacco budworm and 
bollworm efficacy, including the following varieties tested in this study: CK 312/531, 
DP 20B, DP 50B, DP 32B, and NuCOTN 35B. In their laboratory study, tobacco 
budworm neonate mortality ranged from 61 to 98% with most varieties providing 
greater than 90% control at 72 hours after infestation (HAI). However, the variation in 
bollworm mortality was greater than with tobacco budworm, ranging from 49 to 98%, 
with most varieties providing about 80 to 85% mortality. In a similar trial conducted 
in 1999 evaluating 35 Bt cotton varieties, trends for > 90% control with tobacco 
budworm and variable control < 85% with bollworm were found (B. R. Leonard, 
personal communication). Variation in expression o f CrylA(c) and, consequently, 
control o f bollworm has been attributed to crop phenology (Greenplate 1999). For 
example, Greenplate (1999) found that expression o f Bt decreased significantly from 
53 days after planting (DAP) compared to 74 to 116 DAP, and also reported 
significant differences in Bt expression between the terminal and the node-nine fruit. 
Therefore, these and other factors may be important to consider in any evaluation of 
Bt-cotton varieties for insect control. In our study, foliage from plants o f  uniform 
height and age (80 to 100 DAP; approximate age o f cotton and soybean plants during 
peak soybean looper infestations in Louisiana [e. g. 15 May planting, late August to 
early September infestations]) were used so that these factors could be eliminated in an 
effort to remove variation. Further investigation evaluating the effects o f  Bt-cotton 
with respect to age and foliage position on the plant would be useful considering 
soybean looper is a late-season pest o f cotton.
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Determination o f age-specific mortality caused by insecticides with 
Iepidopteran pests is important from a producer’s perspective because it provides a 
useful tool for further management decisions. While Bt-cotton was not developed to 
control soybean looper infestations, characterization of symptoms and when to expect 
larval mortality could be valuable to estimate or anticipate future outbreaks. In the 
1998 bioassays, the majority o f larval mortality occurred within the first 
developmental instar for all treatments (Table 2.2). Percentage o f age-specific 
mortality, (sx/£ s j*  100, ranged from 31.3 (soybean) to 74.3% (PM 1220 RR/BG) for 
larvae developing to first instar. For all treatments including the non-Bt cotton 
varieties and controls, additional mortality continued to occur throughout larval 
development. However, only NuCOTN 33B and CK 312/531 continued to cause 
relatively high mortality in late instars (> 10%). Most soybean looper larvae on DP 
50B and PM 1220 RR/BG surviving to the third instar reached the adult stage. 
Halcomb et al. (1994) found that exposure o f tobacco budworm and bollworm during 
the first to fourth instars (reared on artificial diet just before the instar tested) to CK 
312/531 resulted in nearly complete mortality. Fifth-instar bollworm larvae reared on 
artificial diet and then fed Bt-foliage suffered variable but decreased mortality through 
pupation compared to the early instars.
For those larvae that died as neonates in our studies, mortality symptoms 
included shriveled larvae often with a slightly darker appearance. Later-instar 
mortality was characterized by slow-developing, stunted bodies followed by death 
with a slight darkening of the mid-gut region of the abdomen. Similar symptoms were 
described by Mascarenhas et. al. (1998) when third instar soybaen looper larvae were
30
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Table 2.2 Life table o f  soybean looper larvae fed four transgenic Bt and two conventional 
cotton varieties, soybean variety Pioneer 9761, and artificial diet.
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(table continued)
89.17
a x = Stage o f life cycle. 
b = Number living at beginning o f stage x. 
f dx = Number dying within stage x. 
d s% = Percent accumulated mortality to stage x.
s^/£sx* 100 = Percent mortality o f generation after stage x divided by sum mortality to adult 
eclosion.
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exposed to foliar Bt products. Benedict et al. (1992a) found that tobacco budworm 
and bollworm larvae spent less time feeding and more time resting on Bt-cotton 
compared to non-Bt-cotton. In our study, neonates and later instars were found dead 
on and off Bt-cotton foliage. However, the vast majority o f larvae were observed on 
the foliage, regardless of the host.
Larval Development. Insects reared on three o f  the four transgenic cotton 
varieties experienced slower larval development compared to development of larvae 
fed diet and soybean controls (Table 2.3). Mean time to pupation for soybean looper 
larvae fed diet and soybean were 18.68 and 19.05 d, respectively. However, Bt-cotton 
varieties, PM 1220 RR/BG (21.83), NuCOTN 33B (24.04), and CK 312/531 (25.25), 
caused a significant increase in development time compared to larvae fed soybean and 
diet controls (19.68 d) (df = 7, 21, P  < 0.0001, F =  34.59). Significant differences 
were observed between the conventional cotton variety, DP 50, and PM 1220 RR/BG, 
NuCOTN 33B, and CK 312/531; however, differences only were observed between 
the other conventional cotton variety, DP 5415, and NuCOTN 33B and CK 312/531. 
Larvae exposed to these three Bt-cottons were approximately one day behind the 
controls at the third and fourth instars. However, compared to the diet and soybean 
controls, duration o f 5th and later instars was more pronounced in larvae fed Bt-cotton. 
Additionally, incidence o f supernumerary instars (up to nine instars) occurred with 
insects reared on DP 50B, PM 1220 RR/BG, NuCOTN 33B, and CK 312/531 (Table 
2.2; treatments with L7-9 were listed when supernumerary instars occurred). Previous 
studies indicate that soybean looper larvae complete larval development within six 
instars (Canerday and Arant 1967, Mitchell 1967, Reid and Greene 1973). However,
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supernumerary instars in soybean looper larvae have been documented in DP 50 
(Thomas and Boethel 1993), commercial soybeans, three lepidopteran-resistant 
soybean varieties (Beach and Todd 1988), and in artificial diet hosts (Shour and 
Sparks 1981). Beland and Hatchett (1976) reported supernumerary instars in 
bollworm larvae fed PI229358 (lepidopteran-resistant genotype) soybean foliage. 
Additionally, Thomas and Boethel (1993) and Mitchell (1967) reported significantly 
longer larval development o f soybean looper larvae fed conventional cotton compared 
to those consuming soybean. Increases in larval developmental time caused by 
transgenic-Bt plants have been documented with other insect strains (e. g. Johnson and 
Gould 1992, Altere et al. 1996, Trisyono and Whalon 1997, Adamcyk et al. 1998), and 
decreased fitness was implicated with increased larval development time (Adamcyk et 
al. 1998). However, increased developmental time for early instar soybean looper 
larvae may be beneficial in field populations because it may increase exposure of these 
defoliators to predators (e. g. Geocoris and Nabis spp.) that account for substantial 
natural mortality in the field (Reed et al. 1984). The interaction effects o f Bt-tobacco 
and two parasitoids, Campoletis sonorensis (Cameron) and Cardiochles nigriceps 
(Viereck) against early instar tobacco budworm have been reported to be variable 
(Johnson 1997).
Pupal Weight, Fecundity, and Comparative Life Table Statistics. No clear 
relationship was found in the effect of Bt cotton on soybean looper pupal weight 
(Table 2.4) with weights ranging from 201 (CK 312/531) to 268 mg (DP 50B). 
Previous literature also reports variable results with the effect of conventional cotton 
and soybean hosts on soybean looper pupal weight. For example, pupae from soybean
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looper larvae from three separate colonies fed conventional cotton consistently 
outweighed those fed soybean (Thomas and Boethel 1993). However, Mitchell (1967) 
reported no differences in pupal weight between these two hosts. Fecundity was 
significantly lower for adult females surviving on the CK 312/531 (77 eggs/female) 
compared to survivors o f  DP 50 (1098 eggs/female) (d f = 7, 21; P = 0.043, F  = 2.53). 
However, differences were not significant among the remaining treatments (NuCOTN 
33B, PM 1220RR/BG, DP 50B, DP 5415, soybean, and diet).
Intrinsic rate o f  increase (rm) has been demonstrated to be both a predictive and 
comparative measure o f  population growth potential (Force 1974, Force and 
Messenger 1964) and for comparing natural enemies (Hulting et al. 1990) and 
phytophagous pests (Gaston 1988). The estimated rm for insects reared on CK 
312/531 (0.043) was significantly different than rm values obtained for soybean looper 
larvae reared on the other treatments (0.227 to 0.170) (d f = 7, 21; P > 0.0001, F  =
11.22). Additionally, significant differences were not found among the treatments 
(excluding CK312/531) in generation time (7) (df = 6, 18; P  = 0.194, F =  1.64), and 
doubling time (DT) (d f = 6, 18; P  = 0.277, F =  11.6) ( T and D T estimates for 
CIO 12/531 were excluded from statistical analysis because zero egg lay resulting 
from no survivors in three o f the four replications caused m* = 0 in these replications. 
This caused calculations o f mean T  and £)F[10 and 1.44, respectively] to be low).
Low survival throughout larval development and reduced fecundity among the 
survivors of CK 312/531 contributed to this significant reduction in rm. In contrast 
with CK 312/531, results indicate that no significant reduction in population growth 
potential occurred with larvae fed any o f the commercially available Bt-cotton
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Table 2.3. Effects of rearing P. includens on four Bt transgenic and two conventional cotton varieties, soybean variety Pioneer 9761, 
and diet on larval development, prepupal and pupal duration, and adult longevity.
No. of days to the beginning of the jt,h instar or developmental stage6




Diet 110 3.76ab 6.22bc 8.51 be 10.58c 13.25de 16.88d 18.68d 26.8 Id 15.35
Soybean 92 3.04d 5.43d 7.62d 9.74d 12.46e 18.0 led 19.50cd 27.64cd 12.75
DP 50 111 3.27cd 5.90cd 8.12cd 10.50cd 13.58cd 17.99cd 19.68cd 27.92cd 12.24
DP 5415 102 3.62bc 6.13bc 8.27c ll.OObc 13.93bcd 19.05bc 20.75bc 28.81 be 11.93
DP 50B 103 3.61 be 6.18bc 8.53bc 11.13bc 14.20bc 19.01 be 20.75bc 28.82bc 11.73
PM 1220RR/BG 85 3.61bc 6.49b 8.93ab 11.48b 14.64b 20.04b 21.83b 30.04b 12.47
NuCOTN 33B 47 3.8 lab 7.04a 9.55a 12.45a 16.02a 22.32a 24.04a 32.21a 10.91


















0 Number of insects that survived from the original cohort through adult eclosion and were observed for larval and pupal development. 
b Means in a column with like letters are not significantly different according to Tukey’s HSD (P > 0.05)..
c For several treatments, individual larvae developed supemumary instars (< 9) so instar duration included number of days from sixth 
instar- up to the pre-pupal stage.
d Because adults were held in treatment cohorts rather than individually, adult longevity was estimated and analyzed separately by 
recording the number of insects alive daily and dividing by the total number of insects that survived to the adult stage. No significant 


















Table 2.4. Pupal weight, fecundity, and comparative life table statistics for soybean looper larvae fed four Bt transgenic cotton and 










rm Doubling time, DT
Diet 120 281a 768ab 34.6ab 0.220a 3.17
Soybean 110 218d 767ab 35. lab 0.207a 3.40
DP 50 120 276ab 1098a 34.4b 0.222a 3.28
DP 5415 120 266abc 1061ab 34.3b 0.227a 3.10
DP 50B 120 268abc 966ab 34.7ab 0.224a 3.12
PM 1220 RR/BG 120 259bc 1066ab 36.5ab 0.211a 3.36
NuCOTN33B 120 248c 826ab 38.2a 0.170a 4.29


















0 Means in a column with like letters are not significantly different according to Tukey’s HSD (P > 0.05).
6 Original cohort size for each treatment and four replications.
r Mean generation and doubling time for CK 312/531 were dropped from analysis because no eggs were produced by survivors of 
three of the four replications leaving only a single mean. Zero egg lay caused by lack of survivors of both sexes in three replications 
caused m, = 0 which would have caused calculations of mean T and DT (10 and 1.44 d, respectively) to be falsely low.
-UN>
v arieties, compared with the soybean or diet controls. Studies reporting rm estimates 
are common with insect parasitoids; however, studies with lepidopteran pests are less 
common. Intrinsic rate o f increase estimates for Corcyra cephalonica (Stainto) 
(0.104) and Semiothisa cyda (0.126) were found in a review of 91 insects by Gaston 
(1988). Diawara et al. (1991) compared the effects o f 19 sorghum, Sorghum bicolor 
(L.), pest-resistant accessions on fall armyworm but found that most had no effect on 
rm (range o f rm for all accessions = 0.014 to 0.291; most > 0.220). To our knowledge, 
this study represents the initial report of rm estimates for a soybean pest and the first 
use of rm to compare the effects o f transgenic hosts on the population growth potential 
of insects.
Summary and Implications. Soybean looper populations have been found in 
Bt-cotton throughout the mid-South U. S. since its introduction in 1996 (Chapter 2), 
but quantification o f mortality and potential impact o f Bt-cotton on soybean looper 
population dynamics and the development of Bt resistance have not been reported. 
Results of our 1998 bioassays revealed that the greatest total mortality recorded for a 
commercially-available Bt-cotton variety was approximately 60% (NuCOTN 33B). 
Additionally, none o f the additional 15 Bt-cotton varieties evaluated in 1999 caused 
more mortality than the original varieties tested in 1998, and many were no more 
effective than the conventional cotton varieties. Furthermore, for those insects that 
survived exposure to Bt-cotton until pupation, adults were as reproductively fit as 
those reared on conventional cotton or soybean. These results may be cause for alarm 
from a soybean looper Bt-resistance management standpoint considering that Gould 
(1998) reported that, when Bt-cotton kills only 60 to 90% of an insect population, it is
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likely that resistance inheritance will not be totally recessive. Inheritance of 
permethrin resistance in soybean looper was found to be incompletely dominant 
(Thomas and Boethel 1995) and decline in permethrin efficacy at labeled rates in field 
trials (Boethel et al. 1992, Leonard et al. 1994, Wier et al. 1994) was documented until 
its ultimate removal from Louisiana’s insecticide recommendation guide. If Bt- 
resistance in soybean looper is inherited in a similar manner as permethrin, soybean 
producers could be faced eventually with the loss of another tool for soybean looper 
management.
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CHAPTER 3
EFFECTS OF BACILLUS THURINGIENSIS TRANSGENIC COTTON ON 
SOYBEAN LOOPER, PSEUDOPLUSIA INCLUDENS (WALKER) 
POPULATIONS IN SOYBEAN
Introduction
Soybean looper, Pseudoplusia includens (Walker), is a common defoliator of 
soybean, Glycine max (Merrill), throughout North, South, and Central America 
(Herzog 1980). In the United States, its distribution spans from Maine to California 
(Higley and Boethel 1994); however, economic losses in the United States seldom 
occur north of the G ulf Coast agricultural region from Texas to the Carolinas (Herzog 
1980). Within the G ulf Coast states, larval populations exceeding economic 
thresholds are most common in areas where soybean and cotton are grown in close 
proximity. For example, Burleigh (1972) reported that late-season soybean looper 
densities in Louisiana were greater in cotton/com/soybean agroecosystems compared 
to areas of the state where cotton, Gossypium hirsutum L., was not grown. In the mid- 
1980s, Beach and Todd (1986) found similar results in southern Georgia. Early 
explanations for increased soybean looper larval populations implicated that heavy 
insecticide use in cotton subsequently decimated natural enemy populations in 
adjacent soybean fields (Burleigh 1972). However, a laboratory study by Jensen et al. 
(1974) revealed that soybean looper adults require a carbohydrate source to lay a 
normal complement o f  viable eggs. Beach and Todd (1985) confirmed results o f the 
initial study with a field study and found that soybean looper populations increased in 
the presence of nectaried versus nectariless cotton. The influence o f cotton on soybean
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looper populations in cotton-soybean agroecosystems has been further substantiated 
with insecticide resistance monitoring (e. g. Felland et al. 1990, Leonard et al. 1990).
The hectarage planted to cotton expressing Bacillus thuringiensis var. kurstaki 
(Berliner) CryIA(c) (Bt-cotton) (Perlak et al. 1990) increased from 13% (Kaiser 1996) 
to 29% (Williams, in press) of the total United States cotton crop from 1996 to 1999.
In Louisiana, the increase in Bt-cotton production reflected national figures except that 
the increase in Bt-cotton (13% in 1996) was more dramatic in 1998 (60%) and 1999 
(64%) (Williams, in press). It has been documented in the laboratory that Bt-cotton 
causes variable mortality (9 to 62%) to soybean looper larvae (Chapter 1). However, 
even among the most efficacious Bt-cotton varieties, the effect on soybean looper’s 
population growth potential was not significant compared to non-Bt-cotton varieties 
and soybean (Chapter 1). While it is established that cotton is the cause for increased 
soybean looper populations in soybean in cotton-soybean agroecosystems, field data 
quantifying the effect o f Bt-cotton on soybean looper populations within these 
production systems has not been reported. The objective of this study was to compare 
the effect o f Bt- vs. non-Bt- (or conventional) cotton production on soybean looper 
and predator populations in nearby soybean fields.
Materials and Methods 
1997 Seasonal Abundance. The seasonal abundance o f soybean looper larval 
and predator populations was monitored at five locations (Hedgeland, Innis, Lake St. 
John, Morganza, and Waterproof) on producers’ farms in central and northeastern 
Louisiana. Within each o f these farms, soybean looper larval populations were 
sampled from the following three cropping situations: 1) isolated soybean ( > 0.5 km
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from cotton) (ISOY), 2) soybean planted adjacent to non-Bt-cotton (SCC), and 3) 
soybean adjacent to Bt-cotton (SBT). Samples were taken weekly at each location 
from the week o f 11 July to 5 September, 1997. At each location, five samples per 
treatment were collected from different areas of the field using a 3 ft ground cloth. In 
SBT and SCC fields, samples were taken > 15 m from cotton to avoid areas o f the 
field at immediate risk from insecticide drift from adjacent cotton fields. With the 
exception of the Lake St. John location, none of the soybean fields sampled received 
lepidopteran-directed insecticide applications. The following generalist predators 
(adults and immatures) were identified and totaled for each sample: Podisus 
maculiventris (Say), Nabis roseipennis (Reuter), Nabis capsiformis Germar, Geocoris 
punctipes (Say), G. uliginosis (Say), Orius spp., Zelus renardii Kolenta, Sinea 
diadema (F.), lady bird beetles (predominately Colleomegilla maculata (DeGeer) and 
Hippodamia convergens Guerin-Meneville), and spiders (e. g. Oxyopes saltiais Hentz, 
Peucetia viridans (Hentz), Misumenops celer (Hentz), and various Salticids). Bt- 
cotton (BT) and conventional cotton (CC) fields were sampled using the methods 
described above.
Field means for each treatment were calculated by averaging the total number 
of soybean looper larvae or predators at each location each week. Average weekly 
soybean looper and predator densities were compared separately among SCC, SBT, 
and ISOY fields at each location using analysis o f variance (PROC GLM, SAS 1998) 
and separated with Tukey’s Honestly Significant Difference (HSD) Test (a  = 0.05). 
Population densities were compared between BT and CC fields at each location using 
ttests (a  = 0.05, PROC TTEST, SAS 1998).
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1997-1999 Peak Soybean Looper Populations. In 1997, ten additional cotton 
and soybean fields near cotton were sampled in northeastern Louisiana (Franklin 
Parish) from 9 to 19 August, during periods o f peak soybean looper larval populations 
(11 SBT and BT, 9 SCC and CC, and 5 ISOY). During the 1998 and 1999 production 
seasons, sampling was expanded to include approximately 50 pairs o f soybean and 
cotton fields and 5 ISOY fields per year for a total o f 124 soybean fields throughout 
seven parishes over the three-year study. In 1998, sampling locations included 31 
SBT and BT, 19 SCC and CC, and 5 ISOY fields (Catahoula, Concordia, Franklin, 
Point Coupee, Tensas parishes). In 1999, sampling locations included 23 SBT and 
BT, 26 SCC and CC, and 5 ISOY (Catahoula, Concordia, East Carroll, Franklin, Point 
Coupee, Tensas, West Carroll parishes). Sampling procedures followed the methods 
described above except that samples from all locations were taken only within one to 
three weeks when soybean looper densities were at their peak. Identification of 
sample sites was conducted in cooperation with local cotton consultants, producers, 
and Louisiana Cooperative Extension personnel so that the soybean fields could be 
sampled before they were treated for soybean looper infestations. Means for soybean 
looper larvae and predator densities were calculated for each location as described 
previously, and means for SCC, SBT, and ISOY fields were compared each year using 
analysis o f variance (PROC GLM, SAS 1998) and separated with Tukey’s HSD ( a  = 
0.05). Means were compared each year between BT and CC fields using ttests (a  = 
0.05, PROC TTEST, SAS 1998).
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Results
Results of the 1997 seasonal abundance survey are shown in Figure 3.1. The 
greatest soybean looper larval densities were found at all locations between the weeks 
o f 30 July and 23 August, where the highest mean density was 50.2 larvae / 6 row-ft in 
SCC at the Lake St. John location. Soybean looper densities never exceeded 
Louisiana’s action threshold (48 larvae / 6 row-ft) (Baldwin et al. 2000) in soybean at 
the other locations. No clear trend was found in comparisons o f  soybean looper larval 
densities among SBT, SCC, and ISOY at each location. For example, mean larval 
densities were significantly greater in SBT compared to SCC and ISOY at the 
Morganza location (F  = 4.82, DF = 2, 102, P = 0.010). However, at the Innis location, 
larval densities were greater in SCC compared to SBT and ISOY (F  = 8.46, DF = 2, 
101, P < 0.001). At the remaining locations, no differences were found among 
treatments (Lake St. John [F =  2.36, DF = 2,117, P = 0.099], Waterproof [F = 0.08, 
DF = 2, 102, P = 0.926], Hedgeland [F  = 0.30, DF = 2, 102, P = 0.743]). Predator 
densities were highest in ISOY compared to SBT and SCC at all locations, and 
differences were significant at three o f the five locations: Innis (F  = 24.22, DF = 2,
101, P < 0.001), Waterproof (F  = 30.57, DF = 2, 102, P  < 0.001), and Hedgeland (F =
13.26, DF = 2, 117, P < 0.001). Soybean looper and predator densities in BT and CC 
were low throughout the sampling area. The highest soybean looper larval densities 
were found at the Innis location on the last sampling date and were not significantly
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Figure 3.1. Comparison o f the 1997 seasonal abundance o f soybean looper larvae and 
predators in isolated soybean (ISOY), soybean adjacent to conventional (SCC) and Bt 
transgenic (SBT) cotton in central and northeast Louisiana. * Indicates application of 
Larvin 3.2F® (0.67 kg ai/ha) for soybean looper control.
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different in a comparison between CC (6.8) and BT (7.6 larvae / 6 row ft) (T= 0.237, 
DF = 8, P  = 0.819). Mean larval densities ranged from 7.6 to 0 larvae / 6 row-ft at all 
locations, and no significant differences were found between CC and BT at Innis (T  = 
0.511, DF = 68, P -  0.611), Morganza (T=  1.144, DF = 51, P  = 0.258), and 
Hedgeland (T  = 0.344, DF = 61, P  = 0.732). Larval densities were significantly 
greater in BT compared to CC in fields at Lake St. John (T  = 2.210, DF = 78, P = 
0.030), but CC larval densities were significantly greater than those in BT at 
Waterproof (7’= 2.113, DF = 41, P  = 0.041). Predator densities in CC and BT ranged 
from 4.3 to 0.20 predators / 6 row ft, and, with the exception o f Lake St. John, no 
significant differences were found between CC and BT at any location (Innis [T = 
0.956, DF = 68, F  = 0.343], Lake St. John [T= 2.060, DF = 70, P  = 0.043], Morganza 
[ T=  1.002, DF = 52,P  = 0.321], Waterproof [T= 0.248, DF = 68, P  = 0.805], 
Hedgeland [T = 0.501, DF = 68, P  = 0.618]).
Results from the 1997-1999 soybean looper survey during the period of peak 
densities are shown in Figures 3.2 -  3.4. In 1997, soybean looper larval densities were 
not significantly different among ISOY (4.4), SBT (14.3), and SCC (21.4) (F =  2.32, 
DF = 2, 102, P  = 0.123) or between CC (1.2) and BT (2.3 larvae / 6 row-ft) (T=  1.327, 
DF = 75, p  = 0.189). Additionally, no differences were found in predator densities 
(ISOY, SBT, SCC = [F =  1.10, DF = 2,102, P  = 0.357], BT and CC = [T=  1.364, DF 
= 65, P = 0.177]). Soybean looper populations in 1998 and 1999 generally were 
greater in all the soybean treatments compared to 1997. The mean soybean looper
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Figure 3.2. Comparison o f  soybean looper and predator densities at peak populations 
in northeast Louisiana, 1997. ISOY = isolated soybean; SBT = soybean adjacent to Bt 
transgenic cotton; SCC = soybean adjacent to conventional cotton; BT = Bt transgenic 
cotton; CC = conventional cotton.
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Figure 3.3. Comparison o f soybean looper and predator densities at peak populations 
in northeast Louisiana, 1998. ISOY = isolated soybean; SBT = soybean adjacent to Bt 
transgenic cotton; SCC = soybean adjacent to conventional cotton; BT = Bt transgenic 
cotton; CC = conventional cotton.
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Figure 3.4. Comparison o f  soybean looper and predator densities at peak populations 
in northeast Louisiana, 1999. ISOY = isolated soybean; SBT = soybean adjacent to Bt 
transgenic cotton; SCC = soybean adjacent to conventional cotton; BT = Bt transgenic 
cotton; CC = conventional cotton.
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density for SBT (55.7) was greater than for SCC (37.5) and for ISOY (6.7) {F = 6.32, 
DF = 2, 102, P = 0.004); however, differences were not found between BT (1.9) and 
CC (2.0 larvae / 6 row-ft) (T=  0.1.364, DF = 65, P  = 0.177). Predator densities in 
1998 were significantly greater in ISOY (6.2) compared to SBT (3.2) and SCC (2.9) 
(F = 4.12, DF = 2, 102, P  = 0.022), and no differences were found between densities 
in BT (0.9) and in CC (1.0 predators / 6 row-ft) (T=  0.287, DF = 248, P = 0.775). In 
1999, soybean looper densities in SCC (35.7) and in SBT (39.7) were significantly 
greater than in ISOY (8.1 larvae / 6 row ft) (F=  3.59, DF = 2, 102, P  = 0.035). 
Soybean looper densities in BT (1.2) were significantly lower than in CC (4.8 larvae / 
6 row-ft) (T = 2.484, DF = 144, P = 0.014), but predator densities were greater in CC 
(1.1) compared to BT (0.7 predators / 6 row-ft) (T  = 2.433, DF = 209, P  = 0.016). No 
differences were found in predator densities among the soybean fields in 1999 (F  = 
1.73, DF = 2, 102, P  = 0.187).
Discussion
Predator densities were significantly greater in isolated soybean compared to 
those in soybean adjacent to Bt transgenic and conventional cotton only in 1999 and 
thus were not a likely factor in the reduction o f soybean looper larval populations 
among these cropping situations. Burleigh (1972) reported that parasitism rates were 
lower in cotton-soybean agroecosystems compared to areas without cotton production. 
However, the author concluded that the reduced parasitism rates were caused by 
dramatically increased soybean looper larval populations resulting from enhanced food 
supply provided by cotton rather than the reduction of parasitoid populations caused 
by insecticides. A laboratory study by Jensen et al. (1974) further substantiated these
60
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conclusions when the authors demonstrated that adults, supplied nectar from cotton 
blossoms, laid 480-fold more eggs and lived almost twice as long as adults fed only 
water. Throughout the three-year study, all soybean fields were sampled before 
lepidopteran-directed insecticides were applied (a few each year were treated with 
methyl-parathion 2 to 3 weeks before sampling for Southern green stinkbug, Nezara 
viridula (L.) infestations; however, trends in effects o f  these applications on soybean 
looper or natural enemy densities were not evident) so the effects of insecticide on 
predator densities in soybean were likely minimal. Contrary to the soybean fields 
sampled, the majority o f both Bt-cotton and non-Bt-cotton fields were subjected to 
multiple broad- and narrow-spectrum insecticide applications for insect control (e. g. 
com earworm, Helicoverpa zea (Boddie), Heliothis virescens (L.), and Aphis gossypii 
(Glover) within 14 days before sampling. These insecticide applications likely 
accounted for low soybean looper and predator densities.
Results from this three-year survey indicate that, at peak populations, soybean 
looper densities in soybean fields near cotton are generally greater than densities in 
isolated soybean fields. These data support results reported by Burleigh (1972) and 
Beach and Todd (1986) where soybean looper populations in soybean fields in cotton- 
soybean agroecosystems were greater than in areas without cotton production. 
Additionally, in our study, soybean looper densities in SCC and SBT varied from year 
to year, and SCC densities never exceeded those sampled in SBT. Results from 
Chapter 2 indicate that currently available Bt-cotton varieties cause 9 to 62 % 
mortality (6 days after exposure [DAE]), and the highest mortality recorded among 
commercially available Bt-cotton was 47% (6 DAE) with cv. NuCOTN 33B (Delta
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and Pineland, Scott, MS). Early in the study, it was suspected that the season-long 
selection pressure provided by Bt-cotton may result in lower soybean looper 
populations in soybean within cotton-soybean agroecosystems. However, this was not 
the case considering the SBT and SCC data and that Louisiana soybean looper 
densities were found to be greater in 1999 than 1997 in the areas sampled despite the 
fact that Bt-cotton hectarage increased from 30 to 64% of the total state cotton crop 
(R. Bagwell, personal communication, Williams 2000). In addition, the hectarage 
treated for soybean looper infestations increased from 17 to 32% from 1997 to 1999 
statewide, and within the region sampled, the increase was more severe: 19 to 46% 
(Jack Baldwin, Louisiana Cooperative Extension Service, Baton Rouge, LA, personal 
communication). These insecticide treatment data further support that soybean looper 
populations did not decrease from 1997 to 1999 during a period when Bt-cotton 
hectarage expanded approximately 5-fold. In the previous study (Chapter 2), the effect 
of Bt-cotton on the reproductive potential (e. g. intrinsic rate o f increase, rm) of 
soybean looper populations was measured. Results indicate that rm did not differ 
significantly among soybean, non-Bt- and Bt-cotton treatments. Results from this field 
survey support the rm results from the previous laboratory study and suggest that, 
while Bt-cotton has been documented to cause soybean looper larval mortality, Bt- 
cotton is not reducing soybean looper densities in nearby soybean fields compared to 
soybean fields near non-Bt-cotton.
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CHAPTER 4 
GEOGRAPHIC VARIATION IN SUSCEPTIBILITY OF PSEUDOPLUSIA 
INCLUDENS (WALKER) TO BACILLUS THURINGIENSIS IN THE 
MIDSOUTH AND SOUTHEASTERN UNITED STATES
Resistance management models for cotton, Gossypium hirsutum L., genetically 
modified to express Bacillus thuringiensis var. kurstaki Berliner CrylA(c) (Bt) (Bt- 
cotton), (Perlak et al. 1990) have been the subject of recent debate among agricultural 
entomologists and policy makers (Http://www.epa.gov; EPA/USDA Workshop on Bt 
Crop Resistance Management, 18 June, 1999). Only 13% (809,000 ha) o f the total U. 
S. cotton crop was planted to Bt-cotton during its inaugural season (Kaiser 1996), but 
planted hectarage increased to 29% (1.7 million ha) in 1999 (Williams, in press). 
However, higher percentages have been planted throughout the midsouth and 
southeast cotton production regions. Bt-cotton’s increase in popularity among cotton 
producers and EPM advocates is not only a result of its excellent efficacy against the 
target pest, tobacco budworm, Heliothis virescens (F.), (e. g. Halcomb et al. 1994, 
Mascarenhas et al. 1994), but this relatively new insecticide delivery system offers 
exceptional specificity (Gould 1998) and is considered safe for wildlife and humans 
(Entwistle et al. 1993). In addition, the average total cost o f  foliar insecticide 
applications in Louisiana Bt-cotton production ($27.27/ha) was less than that of non- 
Bt-cotton production ($32.48/ha) (Williams, in press). Despite all the positive 
attributes associated with Bt-cotton, the Environmental Protection Agency granted 
only a conditional registration in 1996 citing a lack of information concerning Bt- 
resistance management (EPA 1997). The refuge/high dose strategy (Gould 1998) that 
was designed to significantly delay resistance to the CryLA(c) <£-endotoxin used
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assumptions specifically developed for tobacco budworm. However, the effects o f Bt- 
cotton selection on resistance development in non-target pests that frequent cotton 
such as the soybean looper, Pseudoplusia includens (Walker), have not been 
addressed.
Soybean loopers have been commonly observed in Bt-cotton and occasionally 
reach population levels requiring supplemental management with foliar application o f 
insecticides. Documentation of the effects o f Bt-cotton on soybean looper 
development and reproductive potential have only been recently reported (Chapter 2). 
In 1998 and 1999, laboratory bioassays demonstrated a maximum of 60% mortality of 
soybean looper larvae among commercially available Bt-cotton varieties. Insects that 
survived to the adult stage were found to be as reproductively fit as those reared on 
soybean, Glycine max (Merrill) (Chapter 2). Considering evidence that adults move 
between soybean and cotton (Burleigh 1972, Jensen et al. 1974, Wuensche 1976, 
Beach and Todd 1986) in cotton-soybean agroecosystems, and soybean looper has 
developed resistance to almost every insecticide class (Boethel et al. 1992), soybean 
IPM practitioners are interested in whether season-long expression o f Bt in cotton- 
soybean agroecosystems will lead to resistance to the foliar Bt products.
Variability in responses of several lepidopteran pests, including soybean 
looper, have been reported with different crystalline (Cry) proteins (e. g., Mascarenhas 
et al. 1998, Luttrell et al. 1999). The objective o f  this study was to monitor 
susceptibility of soybean looper field populations in Louisiana and other locations in 
the midsouth and southeastern United States to commercial formulations o f  foliar Bt- 
insecticides. Specifically, we were most interested in determining: 1) if a temporal
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decline in soybean looper susceptibility to the Bt-foliar insecticides has occurred since 
the introduction of Bt-cotton in 1996, and 2) if differences exist in soybean looper 
susceptibility to Bt-foliar insecticides between cotton and non-cotton production areas.
Materials and Methods 
Discriminating Concentration Bioassays. Four foliar-Bt products (Condor 
XL®, Dipel ES®, MVPII®, and Xentari DF®), unique in their Bt-toxin composition, 
were chosen to investigate potential changes in response to the products (Table 4.1). 
Efforts focused on monitoring Bt resistance using Condor XL® primarily because this 
material has been the Bt-product o f choice among producers in Louisiana for soybean 
looper control and because o f the extensive amount o f laboratory and field data for 
comparison (Mascarenhas and Boethel 1997, Mascarenhas et al. 1998). Response o f 
soybean looper larvae to Bacillus thuringiensis var. kurstaki was monitored at 27 
locations in 4 states (Louisiana, Texas, Mississippi, and Florida) during 1998 and 
28 locations in 4 states (Louisiana, Texas, Florida, and Georgia) and Puerto Rico 
during 1999 using a diet-overlay bioassay (Mascarenhas and Boethel 1997) at a 
discriminating concentration (DC) o f Condor XL® (130 ppm, Mascarenhas et al.
1998) (15% Lepidopteran active toxin, Lot # OCX8061117, Ecogen, Inc., Langhome, 
PA) (Table 4.1, Figure 4.1). Potential collection sites were identified early in the 
season with the help o f Louisiana Cooperative Extension Service personnel and 
crop consultants and were categorized within each o f two different agricultural 
production systems commonly found throughout the midsouth and southeastern 
United States. Soybean and cotton collection sites in north Louisiana, Mississippi, the
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Table 4.1. Bacillus thuringiensis Cry proteins found in foliar Bt products and Bt transgenic 
cotton.
Trade name Bt strain (var.) Cry proteins expressed"
Condor XL® kurstaki IA(a), IA(c), IIA, (IIB)*
Dipel ES® kurstaki IA(a), IA(b), IA(c), HA, (UB)C
MVP II® kurstaki IA(c)rf
Xentari DF® aizawii IA(a), IA(b), IA(c), IC, ID, (IX), (IIB)f
Bt-cotton kurstaki IA(c)e
“ 0  indicates silent gene.
b Dirk Ave, Ecogen, Inc., personal communication. 
c Abbott Laboratories (1992). 
d Gould et al. (1995). 
c Perlak et al. (1990).
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Table 4.2. Sampling dates, host crops, locations, and foliar Bt insecticides evaluated for 1998 and 1999 P. includens collections.





Alexandria, LA Soybean C-S 1 N31° 10.681 W92°24.627 3 Aug 1998 Cdc
Crowley, LA Soybean S 2 N30° 14.531 W92°20.799 7 Aug 1998 Cue
Jeanerette, LA Soybean S 3 N29°57.630W91°43.210 27 July 1998 C,*
Ferriday, LA 1 Soybean C-S 4 N31°41.576 W91°29.516 7 Aug 1998 Cdc
Ferriday, LA 2 Soybean C-S 5 N31°39.888 W91°28.044 7 Aug 1998 Cpc
Ferriday, LA 3 Soybean C-S 6 N31°40.059 W91°27.882 7 Aug 1998 Cdc
Hamburg, LA 1 Soybean S 7 N30°59.761 W91°52.803 18 Aug 1998 Coe
Hamburg, LA 2 Soybean S 8 N30°58.891 W91°53.089 18 Aug 1998 Coe
Lorelein, LA 1 Soybean C-S 9 N32°05.491 W91°33.235 22 Aug 1998 Coe
Lorelein, LA 2 Soybean C-S 10 N32°05.386 W91°33.220 22 Aug 1998 Cdc
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0 C-S = Bt-cotton-soybean agroecosystem, S = non-Bt-cotton-soybean agroecosystem, Na = not applicable for analyses in this study. 
b Location numbers are represented geographically in Figure 4.1.
f C = Condor XL®, D = Dipel ES®, M = MVPII®, X = Xentari DF®, DC = discriminating concentration bioassay (130ppm, 
Mascarenhas et al. 1998) using Condor XL®, DM = dosage-mortality bioassay using Condor XL®. Colonies tested for 
susceptibility with Dipel ES®, MVPII®, and Xentari DF® were evaluated using dosage-mortality bioassays only. 
d Several species of looper adults were collected from pheromone traps at various locations in the Brazos Valley along Highway SO 
and 60 west of College Station, TX. The moths identified to species and sexed, and 45 female and 58 male P. includens were 
shipped to Baton Rouge, LA, 24 h after collection. F, offspring from these collections were used for insecticide bioassays. 
e While Driscoll and Sinton, TX, represent collection sites in cotton-soybean agrocecostystems, very little Bt cotton was grown in 
these areas in 1999. Therefore, data from these locations were considered non-Bt sites.
f  Soybean looper larvae were obtained from the USDA-ARS Southern Insect Management Laboratory in Stoneville, MS, where they 









































Texas Brazos Valley, and some areas o f the Texas Coastal Bend represent agricultural 
production systems where cotton and soybean are grown in close proximity (cotton- 
soybean agroecosystems). The southern Louisiana, Beaumont, TX, parts of the Texas 
Coastal Bend (areas predominately planted to conventional cotton), and Florida 
locations represent areas (soybean agroecosystems) where soybean is primarily 
intercropped with other crops (e. g. rice and sugarcane) and otherwise removed from 
the influence of Bt-cotton. Several locations were monitored weekly for soybean 
looper infestations during July and August to identify soybean fields approaching peak 
larval densities, and collections were taken during these times only from fields that 
had not been treated with insecticide applications directed against lepidopteran pests. 
Soybean loopers (100 to 200 larvae) were collected using a sweep net or ground cloth 
and placed in plastic bags with foliage and paper towels. The bags were transported to 
the laboratory on ice where larvae were transferred to a meridic diet (Thomas et al. 
1993) to acclimate overnight.
Diet preparation and insecticide overlay bioassay procedures followed those 
described by Mascarenhas et al. (1998). Fifty, third to fifth instar (20 to 125 mg), 
larvae were exposed to insecticide-treated diet. These insects and 25 larvae on non­
treated diet (controls) were maintained under constant light at 23 ± 2°C and 35% RH. 
Larvae were considered dead i f  they did not respond to prodding by a dull instrument 
at 72 hours after exposure. Data were corrected for control mortality using Abbott’s 
formula (Abbott 1925). Mortality on the control diet never exceeded 5%.
Mean percentages of soybean looper survival were calculated for populations 
collected in cotton-soybean and soybean agroecosystems in 1998 and 1999 and
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compared between the two systems using ttests (or = 0.05) (SAS 1998) each year. 
Additionally, mean percentage survival for all locations (agroecosystems were not 
separated) were compared between 1998 and 1999 to determine if susceptibility to 
Condor XL® changed temporally. Data for Puerto Rico were excluded from analyses 
because previous studies (Mascarenhas and Boethel 1997, Mascarenhas et al. 1998) 
did not include these locations. In addition, the elevated soybean looper response to 
Condor XL® at the Puerto Rico locations was likely caused by heavy insecticide use 
on the island (Boethel et al. 1992).
Concentration-Mortality Bioassays. During the 1999 growing season, 
concentration-mortality regressions were developed at all 28 locations for Condor 
XL® and at 12 to 16 locations for Dipel ES® (B. t. var. kurstaki, 1.9% Lepidopteran 
active toxins, Lot # 49-405-PG, Abbott Laboratories, North Chicago, IL), MVPII® (B. 
t. var. kurstaki, 20% delta endotoxin encapsulated in killed Pseudomonas fluorescens, 
Lot 1: #2100023483, Lot 2: #100043881, Lot 3: #100038083, Dow AgroSciences, 
Indianapolis, IL), and Xentari DF® (B. t. var. aizawii, 10.3% Lepidopteran active 
toxins, Lot # 30-332-BJ, Abbott Laboratories, North Chicago, IL).
Soybean looper larvae (n = 100 to 200) were collected from each location and 
transported to the laboratory where larvae from the F, and F, generations were tested 
for susceptibility to each insecticide. Third instars (20 to 30 mg) (30 to 50 per 
concentration, 5 to 7 concentrations) were used for concentration-mortality bioassays 
following methods described by Mascarenhas et al. (1998). For Condor XL®, Dipel 
ES®, and Xentari DF®, larvae were observed for mortality at 72 h after exposure and 
were considered dead if they did not respond to prodding. Larvae exposed to MVPII®
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were scored for mortality at 96 h because results from a previous study (Mascarenhas 
et al. 1998) indicated it was slower acting than the other products. LC50s and slopes o f 
concentration-mortality regressions were estimated using probit analysis (SAS 1998). 
LC50s for populations were considered significantly different with non-overlap o f 95% 
confidence intervals. Resistance ratios and confidence limits were calculated 
according to Robertson and Priesler (1992). LC50s were compared to historical data 
for a laboratory-susceptible strain (USDA-S) obtained from USDA, Stoneville, MS, in 
1996 (Mascarenhas et al. 1998). The USDA-S colony was not available for side-by- 
side comparison to field-collected colonies during 1998 and 1999 because the colony 
was lost to disease in 1997. LC$0 response means were calculated for cotton-soybean 
and soybean agroecosystems. Comparisons were made between agroecosystems in 
1999 using ttests ( a  = 0.05) (SAS 1998). Additionally, comparisons were made 
among 1995 (Mascarenhas and Boethel 1997), 1996 to 1997 (Mascarenhas et al.
1998), and 1999 growing seasons using analysis of variance and Tukey’s Honestly 
Significant Difference Test (a  = 0.05) (SAS 1998). Data from Puerto Rico were 
excluded from these analyses for reasons stated earlier.
Results
Survival to Discriminating Concentrations. Responses to the discriminating 
concentration of Condor XL® were variable across the midsouth and southeastern 
U.S. and Puerto Rico during the 1998 and 1999 seasons (Figure 4.2). During both 
years, the greatest survival was observed in Puerto Rico (84 to 96%) and cotton- 
soybean agroecosystems in northeast LA, north MS, and the Texas Brazos Valley. 
Survival to the discriminating concentration o f Condor XL® in these areas was
77
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Figure 4.2. Geographic variation and temporal change in susceptibility of soybean looper to a discriminating concentration of 
Condor XL®. "Values on maps represent percentage survival to a discriminating concentration of Condor XL®. Means (excluding 
Puerto Rico) under maps were compared between 1998 and 1999 using a ttest (SAS 1998) and were not significantly different (a = 
0.05). *Mean survival percentages were compared each year between agroecosystems using a ttest (SAS 1998) and were 
significantly different (a = 0.05).
generally > 60%. In 1998, survival generally was greater for soybean looper 
populations collected from cotton compared to those collected from soybean. Because 
only one cotton field was sampled in 1999, comparisons between the two hosts could 
not be made. In 1998, soybean looper susceptibility from cotton-soybean and soybean 
agroecosystems revealed that mean survival was significantly greater in the presence 
o f cotton (51.0%) than in areas removed from cotton acreage (35.7%) (T= 2.56, DF = 
25, P = 0.017). In 1999, mean survival to the discriminating concentration o f Condor 
XL® was significantly greater in cotton-soybean production systems (64.0%) 
compared to soybean agroecosystems (41.4%) (T=  3.20, DF = 22,p  = 0.004). 
Additionally, soybean looper survival percentages to the discriminating concentration 
of Condor XL® at all locations increased significantly from 1998 (46.3%) to 1999 
(57.5%) (T = 2.36, DF = 50, p  = 0.022). During both years, soybean looper 
populations were most susceptible in Bradenton, FL (tomato), followed by populations 
collected from soybean in Jeanerette, LA, and non-Bt-cotton in Driscoll, TX, and 
Sinton, TX.
Concentration-Mortality Bioassays. Responses o f soybean looper 
populations to concentration-mortality bioassays using Condor XL® differed between 
agroecosystems and temporally (Table 4.3, Figure 4.3). All field colony LC50s were 
significantly greater than the LCS0 o f the lab susceptible USDA-S strain (27 ppm, 
Mascarenhas et al. 1998). LC50s ranged from 59 to 743 ppm at all locations with 5.5- 
fold variation among field-collected populations sampled within the United States and 
11,6-fold variation within the United States including Puerto Rico. The four highest 
LC50s for Condor XL® were found in Puerto Rico (743 to 431 ppm) and were 27 to
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Figure 4.3. Geographic differences and temporal change in susceptibility of soybean looper larvae to Condor XL®, 1995-1999. 
"Values on maps represent LC50s of Condor XL®. Means (excluding Puerto Rico values) under maps were compared among years 
using ANOVA (SAS 1998) and separated using Tukey’s HSD (a = 0.05).Means followed by similar letters are not significantly 

















Table 4.3. Responses of laboratory, Louisiana, Texas, Florida, Georgia, and Puerto Rico field populations of soybean looper 
to Condor XL® (Bacillus thuringiensis var. kurstaki Berliner).
Location
(agroecosystem)"
Fx n Slope (SEM) LC50a (95%CL) RR (95%CL)'/ df
Alexandria (C-S) F, 170 2.35 (0.30) 175.87 (137.09-219.99) 0.51 6.49 (4.85-8.69) 3
Bossier City (C-S) F, 170 2.39 (0.35) 109.64 (80.66-139.12) 0.16 4.04 (2.92-5.60) 3
Cottonwood (C-S) F, 170 3.18(0.37) 230.85 (190.55-278.16) 2.63 8.51 (6.55-11.07) 3
Crowley (S) F, 170 2.43 (0.32) 153.96 (119.62-192.20) 3.70 5.68 (4.23-7.62) 3
Crowville Bt cotton F, 170 2.71 (0.32) 286.50 (232.78-351.30) 3.33 10.56 (8.13-13.73) 3
(C-S)
Crowville soybeans F, 170 2.56 (0.32) 173.05 (137.29-214.00) 0.22 6.38 (4.76-8.55) 3
(C-S)
Gassoway (C-S) F, 170 1.59 (0.28) 104.96 (63.85-146.00) 0.99 3.87 (2.48-6.05) 3
Helena (C-S) f 2 170 1.47 (0.25) 244.97 (173.72-340.24) 5.59 9.03 (5.95-13.68) 3


















Jeanerette (S) 170 2.77 (0.50)
Lettsworth (C-S) F, 170 2.28 (0.30)
Lorelein (C-S) F, 170 2.76(0.32)
Morganza (C-S) F, 170 2.68 (0.33)
Panola (C-S) F, 170 3.30(0.43)
St. Gabriel (S) f2 170 2.39 (0.32)
St. Joseph soybean F, 200 2.62 (0.49)
(C-S)
Waterproof 1 (C-S) F, 170 2.56(0.46)
Waterproof 2 (C-S) F, 170 3.63 (0.51)
Winnsboro soybean F, 170 2.15(0.38)
(C-S)
Bradenton, FL (S) F, 250 2.43 (0.26)
205.82 (111.32-360.61) 6.66 7.60 (5.31-10.89) 3
217.81 (172.31-271.36) 5.30 8.04 (5.93-10.90) 3
207.81 (167.79-254.11) 5.48 7.62 (5.75-10.19) 3
179.50 (143.70-220.52) 1.66 6.62 (4.99-8.80) 3
149.35 (123.05-180.17) 0.39 5.51 (4.16-7.30) 3
152.88 (118.29-191.22) 1.97 5.64 (4.10-7.76) 3
208.55 (129.44-351.98) 10.3* 7.72 (5.33-11.18) 3
199.07 (99.85-355.07) 6.77 7.37 (5.08-10.62) 3
144.36 (120.28-172.76) 5.93 5.33 (4.05-7.01) 3
165.90 (110.43-218.31) 0.64 6.13 (4.19-9.0) 3


















College Station, TX F, 170 3.23 (0.65)
(C-S)
Corpus Christi, TX F, 170 2.39 (0.38)
(C-S)
Driscoll, TX (C-S) F, 170 3.09(0.81)
Sinton, TX (C-S) F, 170 2.67 (0.33)
Tifton, GA (S) F, 170 2.59 (0.32)
Ponce, PR sunflower F, 300 2.00(0.25)
(NA)
Ponce, PR eggplant F, 250 1.97 (0.41)
(NA)
Isabella, PR (NA) F, 250 2.03 (0.28)
Salinas, PR (NA) F, 350 2.05 (0.21)











9.32* 8.24 (5.59-12.44) 3
3.96 4.40 (3.38-5.73) 3
0.27 2.19 (1.47-3.26) 3
4.96 2.98 (2.20-4.04) 3
4.93 6.90 (5.10-9.32) 3
7.18* 27.42 (2.52-298.79) 4
8.89* 21.33 (0.74-611.80) 3
1.25 25.45 (0.90-695.12) 3
3.33 15.90 (1.46-173.57) 5


















USDA-S* (-) - 250 2.32(0.28) 27.12 (21.93-33.17) 0.9 - 3
“ C-S = Bt-cotton-soybean agroecosystem, S = non-Bt-cotton-soybean agroecosystem, Na = not applicable for analyses in this 
study.
6 ppm (Lepidopteran active toxins: vol water). 
r Significant (a  < 0.05).
d Resistance ratio = LCS0 of FJ LCS0 USDA-S. Ninety-five percent confidence limits were calculated according to Robertson and 
Priesler (1992).
e Soybean loopers were obtained from the USDA-ARS Southern Insect Management Laboratory in Stoneville, MS (Mascarenhas et 
al. 1998).
16-fold greater than the LCS0 of the USDA-S strain. The LCS0s at locations near Ponce 
(sunflower) and Salinas (soybean), Puerto Rico were significantly greater than LC50s at 
all other United States locations and represent the highest known LCS0s reported for 
Condor XL® and soybean looper. The 1999 mean LC50 for populations in cotton- 
soybean agroecosystems (192 ppm) was significantly greater than the mean for areas 
without Bt-cotton production in south TX (Driscoll and Sinton), south LA, and FL 
(121 ppm) (T=  2.68, DF = 22,p  = 0.014). In these cotton-soybean agroecosystems, 
the least susceptible soybean looper population (LC50 = 329 ppm) was collected from 
soybean near Highland, LA, on a farm planted primarily to the cotton cultivar 
NuCOTN 33B (Delta and Pineland, Scott, MS). In addition, populations from fields 
near Cottonwood, Crowville (cotton), Helena, Lettsworth, Lorelein, St. Joseph, LA, 
and College Station, TX, all had LCJ0s greater than 200 ppm, which exceeded LC50s 
previously reported for these areas (Mascarenhas and Boethel 1997, Mascarenhas et al. 
1998). The 1999 mean LC50 for locations within the United States (excluding Puerto 
Rico) (172.8 ppm) was significantly greater than the mean LCS0 from 1995 (97.0 ppm) 
(Mascarenhas and Boethel 1997) and the 1996-1997 seasons (109 ppm) (Mascarenhas 
et al. 1998) (F=  7.96, DF = 2 ,p  = 0.001).
Soybean looper concentration-mortality responses to Dipel ES® and Xentari 
DF® varied between the two products (Tables 4.4 and 4.5). Although Dipel ES® and 
Xentari DF® LCS0s ranged from 16 to 25 and 36 to 144 ppm, respectively, they were 
not significantly greater than responses o f the USDA-S strain (Mascarenhas et al.
1998) for either o f  these Bt-products.
85

















Table 4.4. Responses of laboratory, Louisiana, and Texas field populations of soybean looper to Dipel ES® {Bacillus 
thuringiensis var. kurstaki Berliner), 1999.
Location
(agroecosystem)"
n Slope (SEM) LC50* (CL) ** RR(95%CL)rf df
Alexandria (C-S) 240 2.15(0.28) 16.95 12.81-21.80) 9.15 1.01 - 3
Crowville cotton (C-S) 240 2.14(0.26) 21.90 16.80-28.13) 7.71 1.31 - 3
Crowville soybean (C-S) 240 3.54 (0.48) 14.98 12.24-18.26) 0.38 0.00 - 3
Helena (C-S) 250 3.08 (0.31) 19.00 16.13-22.30) 0.97 1.14 - 3
Highland (C-S) 250 2.57(0.26) 21.50 17.96-25.70) 5.28 1.29 - 3
Lettsworth (C-S) 250 2.46 (0.27) 16.61 13.84-19.78) 4.15 0.00 - 3
Lorelein (C-S) 250 2.64 (0.27) 17.12 14.25-20.39) 2.60 1.02 - 3
Panola (C-S) 250 2.60 (0.28) 12.54 10.33-15.00) 1.39 0.00 - 3
St. Gabriel (S) 240 1.82 (0.30) 24.95 11.44-42.19) 9.43 1.49 - 3
Waterproof 1 (C-S) 250 2.06 (0.22) 16.27 13.03-19.98) 2.20 0.00 - 3



















College Station, TX (C- 250 2.16(0.23) 23.13 (18.91-28.25) 4.12 1.38 - 3
S)
USDA-S' 250 1.99(0.26) 16.71 (12.62-21.11) 7.4 - 3
a C-S = Bt-cotton-soybean agroecosystem, S = non-Bt-cotton-soybean agroecosystem, Na = not applicable for analyses in this 
study.
* ppm (Lepidopteran active toxins: vol water).
c Soybean loopers were obtained from the USDA-ARS Southern Insect Management Laboratory in Stoneville, MS (Mascarenhas 
and Boethel 1998)
4 Resistance ratio = LCS0 of FJ LCS0 USDA-S. Ninety-five percent confidence limits were calculated according to Robertson and 
Priesler (1992).


















Table 4.5. Responses of laboratory, Louisiana, and Texas field populations of soybean looper to Xentari DF® (Bacillus 
thuringiensis var. aizawaii Berliner), 1999.
Location
(agroecosystem)
n Slope (SEM) LC50fl (CL) RR(95%CL)r df
Alexandria (C-S) 275 1.53 (0.16) 62.54 (46.60-82.30) 4.88 0 3
Crowville cotton (C-S) 275 2.23 (0.24) 81.47 (65.13-101.43) 0.80 0 3
Crowville soybean (C-S) 275 1.74(0.18) 64.34 (49.10-82.93 3.10 0 3
Helena (C-S) 250 1.40(0.16) 43.36 (29.99-59.46) 3.70 0 3
Highland (C-S) 250 1.85 (0.20) 56.41 (42.86-72.96) 0.91 0 3
Lettsworth (C-S) 250 1.50 (0.16) 143.53 (106.92-192.17) 3.31 1.06 (0.66-1.70) 3
Lorelein (C-S) 250 1.39 (0.15) 73.12 (52.18-99.33) 5.01 0 3
Panola (C-S) 250 1.54 (0.24) 85.67 (35.68-179.56) 6.70 0 3
St. Gabriel (S) 275 1.77 (0.20) 36.28 (27.12-47.01) 5.47 0 3
Waterproof 1 (C-S) 250 1.62 (0.28) 42.54 (13.87-88.49) 7.12 0 3




















College Station, TX (C- 250 1.73(0.18) 81.64 (61.79-106.47) 0.81 0 - 3
S)
USDA-S'O 250 1.30(0.21) 135.59 (101.30-191.37) 1.60 - 3
a C-S = Bt-cotton-soybean agroecosystem, S = non-Bt-cotton-soybean agroecosystem, Na = not applicable for analyses in this 
study.
* ppm (Lepidopteran active toxins: vol water). 
c Significant (P < 0.05).
d Resistance ratio = LCS0 of Fx/ LC50 USDA-S. Ninety-five percent confidence limits were calculated according to Robertson and 
Priesler (1992).
'  Soybean loopers were obtained from the USDA-ARS Southern Insect Management Laboratory in Stoneville, MS (Mascarenhas et 
al. 1998).
Concentration-mortality data for 16 field-collected colonies from LA, TX, and 
FL and 2 laboratory colonies (GA [Tifton, GA] and NCSU [Raleigh, NC]) using 
MVPII® were more difficult to obtain than with the other products (Appendix A and 
B). Based on results and procedures reported previously using a laboratory susceptible 
colony (Mascarenhas et al. 1998), concentrations up to 10,000 ppm [AI] (compared to 
the highest concentration of 6400 ppm [AI] used in the previous study [Mascarenhas et 
al. 1998]) o f MVPII® were tested against the F, generation o f six field colonies 
(Waterproof 1, Crowville cotton, Crowville soybean, Alexandria, St. Gabriel, Panola). 
With the exception of soybean loopers from Panola, < 10% soybean looper mortality 
was observed and the resulting data were not analyzed. Using F2 larvae from these 
colonies, additional higher doses (20,000, 50,000, and 100,000 ppm [AI]) were tested, 
but < 30 % mortality was observed at the highest concentration (> 377-fold 96 h LC50 
o f USDA-S). Both lots of MVPII® were evaluated and compared with soybean 
looper larvae from Bradenton, FL, using the same concentrations. However, soybean 
looper mortality responses were consistent with results from the first lot. A laboratory 
colony collected from North Carolina in 1997 maintained for two years without 
exposure to insecticides (NCSU) was tested using both Condor XL® and MVPII®. 
Among the colonies evaluated with MVPII®, only the NCSU colony was susceptible 
enough to MVPII® to develop a concentration-mortality regression line (MVPII®
LC50 = 2115 ppm [AI], n = 240, slope [SEM] = 1.33 [0.20], x2 = 0.442; Condor XL® 
LC50 = 122.47 ppm [AI], n = 230, slope [SEM] = 2.47 [0.27], x2 = 2.43). The NCSU 
colony was not as susceptible to MVPII® as the USDA-S colony (LCS0 = 265 ppm 
[AI], n = 250, slope [SEM] = 1.08 (0.21), x2 = 5.3, Mascarenhas et al. 1998). In
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addition, a third lot o f MVPII® was obtained from Dr. Dick Hardee (USDA-ARS, 
Jaime Whitten Research Center, Stoneville, MS) that had been used successfully since 
1998 for tobacco budworm Bt-resistance monitoring. A side-by-side comparison was 
made between the second and third MVPII® lots on the Crowville cotton colony, and 
results indicated that both of these lots were equivalent in efficacy (Clemens and 
Boethel, unpublished). Results from lot comparisons provided evidence that all 
MVPII® lots evaluated were equivalent in their efficacy eliminating the possibility of 
non-viable insecticide as a confounding factor.
Discussion
The range o f geographic variation in susceptibility to foliar Bt-products has 
been documented in several lepidopteran pests including, tobacco budworm (16-fold) 
and com earworm (4-fold) (Stone and Sims 1993), Helicoverpa armigera (Hiibner) in 
China (101-fold) (Wu et al. 1999), European com borer, Ostrinia nubialis (Hiibner) 
(4-fold) (Marion et al. 1999), Indian meal moth, Plodia interpunctella (Hiibner) (6- 
fold) and almond moth, Ephestia cautella (Walker) (10-fold) (Kinsinger and 
McGaughey 1979), and diamondback moth, Plutella xylostella (L.) (40-fold)
(Tabshnik et al. 1990). Condor XL® LCS0s from field populations from LA, MS, and 
GA demonstrated 4.4 fold variation in 1995 (Mascarenhas and Boethel 1997). In 1996 
and 1997, 2.6-fold variation was found in Louisiana soybean looper populations 
(Mascarenhas et al. 1998). Stone and Sims (1993) suggested that differences in 
susceptibility to a standard preparation of B. thuringiensis subsp. kurstaki var. HD-73 
between bollworm and tobacco budworm may be attributed to the broader host range 
of bollworm. Additionally, trends in geographic or seasonal variation in susceptibility
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to Bt were inconclusive, and intraspecific variation was due to inherent, naturally 
occurring interpopulation differences in susceptibility to B t Marfon et al. (1999) 
concluded that variation in susceptibility among European com borer populations 
could be attributed to natural variation in susceptibility to Bt rather than previous 
exposure to Bt insecticide. Variation in susceptibility and the first documented case of 
field resistance to a foliar Bt-product was found in diamondback moth and was related 
to repeated Javelin® applications to watercress in Hawaii (Tabashnik et al. 1990). In 
our study, variation in susceptibility o f  field-collected soybean looper populations to 
Condor XL® among populations was moderate (5.6-fold) compared to the other 
insects reviewed here. Susceptibility to Condor XL® in field populations did not 
decrease significantly in the United States from 1995 (one year before the introduction 
of Bt cotton) to 1996 and 1997. However, a significant decrease in susceptibility to 
Condor XL® from 1996 -  1997 (Mascarenhas et al. 1998) to 1999 was documented 
using discriminating concentration and concentration-mortality bioassays.
Soybean looper susceptibility to Condor XL® was significantly decreased in 
cotton-soybean agroecosystems compared to areas where soybeans were not in close 
proximity to Bt-cotton. In 1999, a 22.6% difference in soybean looper susceptibility 
to Condor XL® between the ecosystems was found using a discriminating 
concentration bioassay. Concentration-mortality bioassays revealed a 58.7% 
difference between the mean LCS0s o f each production system. Within the cotton- 
soybean locations, the two lowest responses to Condor XL® were found in Driscoll, 
TX and Sinton, TX, in areas planted almost exclusively to conventional cotton.
Among the non-cotton production areas in 1998, soybean loopers collected from
92
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
soybean were least susceptible to Condor XL® at the St. Gabriel, LA location. In 
1998, St. Gabriel represented the only site in southern LA where Bt-cotton was grown. 
These Condor XL® data on field-collected populations support laboratory results that 
report that currently available Bt-cotton varieties provide < 60% mortality and that 
survivors are as reproductively fit as insects feeding on conventional cotton or soybean 
(Chapter 2). While soybean looper mortality is not as high as tobacco budworm 
mortality on Bt-cotton, expression o f the CrylA(c) protein in Bt-cotton may be 
providing selection pressure sufficient enough to affect soybean looper susceptibility 
to Condor XL® and possibly MVPII®. Results from the previous study with Bt- 
cotton and its effects against soybean looper (Chapter 2) and evidence reported here 
indicating that soybean looper populations are significantly less susceptible to Condor 
XL® in areas o f  Bt-cotton production suggest that Bt-cotton may be causing a 
decrease in susceptibility to Condor XL® and MVPII® or a common component in 
their formulations.
The MVPn® data may suggest that soybean looper is developing resistance (> 
377-fold) to a formulated foliar Bt-product containing only the CryLA(c) <5-endotoxin. 
However, we are reluctant to make that conclusion in lieu of lack o f response variation 
among the populations tested. For example, the Bradenton, FL, colony was tested for 
susceptibility to MVPII® and responded in a similar manner as the other colonies 
from cotton-soybean agroecosystems even though this colony was one o f the most 
susceptible colonies to Condor XL®. For a population from this location with proven 
susceptibility to another foliar Bt-product containing CrylA(c), we expected to see 
some detectable level o f susceptibility to MVPII®, but our results were otherwise.
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The lack of susceptibility and response variation o f all soybean looper populations 
raised doubts about the results to this product. Further investigation using CrylA(c) in 
an unformulated state is needed to confirm these findings.
Contrary to results found with Condor XL® and MVPII®, baseline mortality 
information reported in 1998 indicated that a laboratory colony o f soybean looper was 
differentially susceptible to nine formulations o f foliar Bt-insecticides (Mascarenhas et 
al. 1998). Results from bioassays using Condor XL®, Dipel ES®, MVPII®, and 
Xentari DF® confirmed that field populations o f soybean looper responded differently 
to each of these foliar products and probably the differing Cry toxins. As stated 
previously, each o f the foliar products evaluated differ in Cry toxin profiles (Table 
4.1). Among the products evaluated, Dipel ES® and Xentari DF® susceptibility in 
field populations was not different compared to baseline-mortality data for these 
products (Mascarenhas et al. 1998). In these studies, resistance ratios for field 
populations exposed to Condor XL® exceeded 12-fold throughout the mid-south and 
southeastern United States. Resistance ratios for Dipel ES® and Xentari DF® were <
1.49 for each insecticide. Considering that Condor XL® and MVPII® lack the 
CryIA(b) <5-endotoxin and Dipel ES® and Xentari DF® both contain this toxin and 
remain efficacious, CryLA(b) may be responsible for differences in efficacy against 
soybean looper among these products. The implication o f  these findings may be that 
soybean looper populations, which have been susceptible to foliar Bt-products in the 
past, may be developing resistance to products that rely on CryLA(c) for efficacy. 
Products that were evaluated containing toxins exclusive o f CryLA(c), including 
CrylA(b), remain effective. Subsequently, development o f  novel transgenic cotton or
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soybean varieties that express CryIA(b) or a combination o f this and other insecticidal 
proteins may provide better control o f soybean looper. To date, soybeans expressing 
only CryLA(c) have been reported (Schuler 1998).
During the 1999 growing season, only two insecticides, thiodicarb and the 
foliar Bt products were recommended for soybean looper control in Louisiana 
(Baldwin et al. 1999). Tracer® (spinosad, Dow Agrosciences, Indianapolis, ID) was 
granted registration between the 1999 and 2000 growing seasons. To date, thiodicarb 
still provides excellent control o f economically-damaging soybean looper populations 
at the labeled rates in Louisiana. However, resistance to thiodicarb has been reported 
in Georgia (Sullivan 1992), South Carolina (Sullivan and Chapin 1990), and Puerto 
Rico (Thomas et al. 1994) so satisfactory efficacy throughout the midsouth and 
southeastern United States may be ephemeral. Soybean looper has developed 
resistance to almost every class o f insecticide (Boethel et al. 1992), and in most cases, 
resistance has come from sources outside soybean production (Newsom et al. 1980).
In the most recent example of insecticide resistance in soybean looper, permethrin 
efficacy at labeled rates declined (Boethel et al. 1992, Leonard et al. 1994, Wier et al. 
1994) ultimately to the point o f soybean looper control failures in the field 
(McPherson and Herzog 1990) and permethrin’s removal from Louisiana’s soybean 
insect control guide (Boethel et al. 1992). In this scenario, the source o f local 
selection by permethrin was suspected to be cotton, but it was suggested that source 
population selection contributed to reduced soybean looper susceptibility to this 
pyrethroid (Leonard et al. 1990). As stated previously, Bt-cotton production in 
Louisiana has increased since its commercial introduction in 1996 and season-long
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selection by Bt-cotton may be playing a similar role as permethrin did in the late 
1980s and early 1990s in cotton-soybean agroecosystems. Additionally, it is possible 
that source populations originating in the Lower Rio Grande region o f Texas where 
Bt-cotton is produced and soybean looper overwinters also may be contributing to the 
decline o f susceptibility to some of the Bt-foliar insecticides in Louisiana populations.
Resistance to Bt toxins has been documented in the laboratory with several 
cotton pests: tobacco budworm (Stone et al. 1989, Gould et al. 1992, 1995), beet 
armyworm, Spodoptera exigua (Hiibner) (Moar et al. 1995), and pink bollworm, 
Pectinophora gossypiella (Saunders) (Bartlett et al. 1996). In this study, susceptibility 
of soybean looper populations to Condor XL® and MVPII® in Louisiana and other 
southern United States locations has decreased significantly since Bt-cotton’s 
introduction in 1996 and that susceptibility to Condor XL® significantly decreased in 
cotton-soybean agroecosystems. Results from this study, however, represent 
laboratory findings and may not necessarily confer resistance as defined by field 
control failures. Results from field trials using Bt-products against soybean looper 
during the last decade have been variable (Burris and Leonard 1993, Mascarenhas et 
al. 1995, Boyd et al. 1997, Fife and Leonard 1998). However, field-control failures 
with foliar-Bt insecticides have not been common, and responses to discriminating 
concentrations o f two Mississippi colonies collected from fields with reported Bt- 
insecticide application failures did not yield unusually decreased susceptibility to 
Condor XL® compared to other fields in the area. Further investigation using small 
plot trials and labeled rates o f Bt-foliar products described in this study may further 
elucidate this scenario.
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The long-term implications may be that soybean producers in the southern 
United States could lose another tool for soybean looper management. In addition, 
differential responses o f soybean looper field populations among the Bt-foliar products 
evaluated suggest that resistance monitoring needs to include monitoring with several 
Bt-products that differ in Cry toxin profiles and possibly with individual Cry proteins. 
Resistance monitoring with both the formulated products and individual Cry proteins 
would serve the dual purpose of identifying the most efficacious products in addition 
to identifying the incidence o f resistance to individual Cry toxins. Additionally, 
results from this study indicate that, while attention is being paid to tobacco budworm, 
and more recently com earworm Bt-resistance management in com-cotton production 
systems (<http//:www.epa.gov> Headquarters press release, 1/14/2000), resistance 
management models for genetically-engineered plants may need to take into 
consideration their potential impact on non-target pests that frequent Bt-expressing 
plants in multi-cropping systems. In the present situation where resistance to CryLA(c) 
may be developing but susceptibility to products containing CryLA(b) has not changed 
since the introduction o f Bt-cotton, resistance to one ^-endotoxin in cotton-soybean 
agroecosystems may be managed with the introduction o f  cotton or soybean 
expressing other ^-endotoxins.
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CHAPTER 5 
SUMMARY AND CONCLUSIONS
The introduction o f  transgenic cotton plants expressing the Bacillus 
thuringienis 8 -endotoxin brought about changes in cotton insect management with 
insecticides. While the delivery o f insecticide to Bt-cotton’s target pests is different 
with this new technology, many o f the theories and components o f insecticide 
resistance management remain the same. Because o f soybean looper’s close 
association with cotton in cotton-soybean agroecosystems and the history o f 
insecticide resistance development in these systems, it is important to understand the 
effects o f Bt-cotton on this pest as part o f an overall soybean looper resistance 
management strategy. Thus, laboratory studies were conducted to determine the 
effects o f Bt-cotton on soybean looper larval survival and development as well as the 
effects o f Bt-cotton on adult survivors. In addition, a survey was conducted to 
determine the effects o f commercial Bt-cotton production on the population dynamics 
of soybean looper larvae in cotton-soybean agroecosystems. Finally, susceptibility to 
several foliar Bt-insecticides was monitored in Louisiana and other southern United 
States locations.
Larval mortality and sublethal effects o f 19 varieties o f transgenic Bt-cotton 
expressing the CrylA(c) ^-endotoxin were determined for soybean looper using two 
different bioassays conducted in 1998 and 1999. In 1998, total mortality 
(neonate through pupation) among Bt-cotton varieties ranged from 13 to 89%; 
however, only CK 312/531, NuCOTN 33B, and PM 1220 RR/BG caused
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greater mortality compared to the soybean and meridic diet controls. NuCOTN 
33B caused the greatest mortality among the commercially available Bt- 
cotton varieties. In the 1999 bioassays, none o f the other Bt-cotton varieties 
provided significantly greater mortality than NuCOTN 33B. Several o f the Bt- 
cotton hosts (PM 1220 RR/BG, NuCOTN 33B, CK 312/531) increased larval 
development time (neonate to pupation = approximately 2-7 d). However, for those 
insects that survived to the pupal stage on the commercial Bt-cotton varieties (e. g. 
excluding CK 312/531), soybean looper adult longevity (10.91 to 15.35 d), fecundity 
(768 to 1098/female), generation time (T = 34.3 to 37.2), doubling time (DT = 3.10 to 
4.29), and intrinsic rate o f increase (rm = 0.170 to 0.227) were not significantly greater 
than those reared on the controls. Results from these bioassays indicate that the Bt- 
cotton varieties are causing low to moderate mortality relative to mortality for target 
insect pests o f cotton (> 95%). Additionally, soybean looper survivors of Bt-cotton 
varieties are as reproductively fit as those surviving on soybean or conventional 
cotton.
Soybean looper larval and predator densities were monitored in isolated 
soybean fields, soybean fields adjacent to non-Bt-cotton fields, and soybean fields 
adjacent to Bt-cotton fields from 1997 to 1999 to determine the impact o f Bt-cotton on 
soybean looper seasonal abundance and peak populations in each o f  these cropping 
situations. During 1997, results from these population surveys indicated that Bt-cotton 
had no effect on soybean looper larval or predator densities in a comparison among 
densities in isolated soybean fields, soybean adjacent to non-Bt-cotton, and soybean 
adjacent to Bt-cotton. During 1998 and 1999, soybean looper larval densities at peak
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populations were greater in soybean fields adjacent to non-Bt-cotton and Bt-cotton 
compared to isolated soybean fields. Furthermore, soybean looper densities in 
soybean fields adjacent to non-Bt-cotton and Bt-cotton varied in size from year to 
year, but soybean looper densities in soybean fields adjacent to non-Bt-cotton never 
exceeded those sampled in soybean adjacent to Bt-cotton. Predator densities were 
generally greater in isolated soybean fields compared to soybean adjacent to non-Bt or 
Bt-cotton, but differences were significant only in 1998. Significant differences in 
predator densities between soybean fields adjacent to non-Bt and Bt-cotton were not 
found in any year. These data suggest that differences in insecticide management 
regimes between non-Bt and Bt-cotton did not affect predator abundance in nearby 
soybean fields. Soybean looper larval densities were low (usually < 2 larvae / 6 row- 
ft) in non-Bt and Bt-cotton throughout the study, and densities in non-Bt-cotton were 
significantly greater than Bt-cotton only in 1999. Results from this study indicate that 
Bt-cotton is not having a significant impact on soybean looper populations in soybean 
within cotton-soybean agroecsoystems.
Soybean looper susceptibility to Bacillus thuringiensis was monitored at 27 
(1998) and 28 (1999) locations in 5 states (Louisiana, Texas, Mississippi, Georgia, 
Florida) and Puerto Rico using diet-overlay and discriminating-concentration 
bioassays with Condor XL® (B. t. var. kurstaki, 130 ppm). During the 1999 growing 
season, resistance monitoring was expanded to include development o f concentration- 
mortality regressions for Condor XL® for all 28 locations and for Dipel ES® (B. t. 
var. kurstaki), MVPII® (B. t. var. kurstaki), and Xentari DF® (B. t. var. aizawii) at 12 
to 16 locations. During both years, soybean looper populations were least susceptible
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to a discriminating concentration o f  Condor XL® in Puerto Rico (84 to 96% survival) 
and cotton-soybean agroecosystems (30 to 84% survival) and most susceptible in areas 
without Bt-cotton production (12 to 58% survival). In 1999, Condor XL® LC50s were 
greatest in conon-soybean agroecosystems (105 to 329 ppm) and Puerto Rico (431 to 
743 ppm) and lowest at locations where soybeans are grown in the absence of cotton 
(59 to 154 ppm). Comparison among soybean looper populations collected during the 
1995, 1996 and 1997 (historical data), and 1999 mean LC50s indicate that populations 
decreased significantly in susceptibility to Condor XL® during this time.
Additionally, significant differences in susceptibility to Condor XL® were found 
between populations from cotton-soybean and soybean agroecosystems during 1999. 
Contrary to results found with Condor XL®, LC50s o f field-collected populations for 
Dipel ES® (12 to 25 ppm) and Xentari DF® (43 to 144 ppm) at all locations did not 
differ significantly from that of a laboratory susceptible colony. None o f the field- 
collected soybean looper populations evaluated were susceptible enough to MVPII® 
to develop concentration-mortality lines. Decreased susceptibility o f  soybean looper 
to Condor XL® and MVPII® but not to Dipel ES® and Xentari DF® and decreased 
susceptibility to Condor XL® in Bt-cotton production areas suggest that resistance to 
CryLA(c) may be developing.
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APPENDIX A
Responses o f laboratory, Louisiana and Texas field populations of 
soybean looper to MVPII® (.Bacillus thuringiensis var. kurstaki Berliner) 96 
hours after exposure.
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Table A.I. Responses of laboratory, Louisiana and Texas field populations of soybean looper to MVPII® (Bacillus 




Location F» n 265 1000 3000 6000 10,000 20,0000 50,0000 100,0000
Alexandria F, 120 1/60 0/30 0/30 2/30 3/30 - - -
f 2 90 - - - - 3/30 - 1/30 3/30
Crowville cotton F. 180 0/60 1/30 0/30 3/30 6/30 - - -
f 2 90 - - - - 4/30 - 1/30 1/30
Crowville soybeans F, 120 0/30 2/30 2/30 3/30 4/30 - - -
f 2 - - - - 6/30 3/30 3/30 3/30
Helena f 2 90 - - - - 1/30 - 0/30 0/30
Highland F, 90 - - - - 2/30 - 0/30 0/30
Lettsworth f 2 90 - - - - 0/30 - 1/30 2/30
Lorelein F, 120 _ 8/30 10/30 4/30 7/30









5/30 15/30 14/30 14/30
4/30 - 0/30 1/30
0/60 4/30 1/30 4/30 0/30
7/30 - 5/30 4/30
0/30 1/30 0/30 0/30
0/60 0/30 0/30 1/30 1/30
1/30 - 1/30 2/30
1/30 - 1/30 4/30
3/30 3/30 3/30 8/30
1/30 - 0/30 3/30
Concentrations tested (ppm)
~625 1250 2500 5000 10,000 50,000 100,000


















a ppm (Lepidopteran active toxins: vol water). Responses: number of larvae dead at 96 h after exposure / number exposed to 
insecticide (excluding controls). No control mortality occurred throughout the MVPII® study.
APPENDIX B
Comparison of responses of soybean looper larvae to different MVPII® 
lots, 96 hours after exposure.
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Table B.l. Comparison of responses of soybean looper larvae to different MVPII® lots, 96 hours after exposure.
Loti v Lot 2: concentrations (ppm)4
N>
L ocation ,a F. n 312.5 625 1250 2500 5000 10,000 20,0000 50,0000
BradentonMVP|OI, f2 150 2/30 0/30 - 0/30 1/30 2/30 - -
BradentonMVP,ol2 f2 240 0/30 1/30 0/30 1/30 0/30 1/30 1/30 1/30
Lot2 v Lot 3: concentrations (ppm)4
100 1000 5000 10,000 50,000 100,000
Crowville f7 300 0/50 13/50 22/50 24/50 20/50 16/50
cottonMVPIOI2
Crowville f 7 300 0/50 11/50 22/50 14/50 21/50 13/50
cottonM VPloU
“ The following lots were tested for efficacy against soybean looper: Lot 1 (#2100023483), Lot 2 (#100043881), and Lot 3 
(#100038083).
4 ppm (Lepidopteran active toxins: volume water). Responses: number of larvae dead at 96 h after exposure / number exposed to 
insecticide (excluding controls). No control mortality occurred throughout the MVPII® study.
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